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Abstract
This thesis is a study of chemistry undergraduates1 
understanding of science concepts related to energy. 
Concepts such as 'ketone', 'acid' or 'force' are often 
regarded as a means of classifying examples under a 
particular heading. Much research has, therefore, been 
directed towards finding the extent to which students can 
correctly classify instances and non-instances of a 
particular concept. This approach, however, is unhelpful 
when applied to concepts like evaporation or heat which are 
descriptive of phenomena;.it also fails to test concepts 
like the mole used in problem solving. In the first part 
of the thesis science concepts are analysed as constructs 
produced by the science community to fulfil various 
purposes. It is suggested that the purposes can be 
summarised as:
a. Classification; . • - -
b. Description of' phenomena;
c. Description of relationships;
d. Problem solving.
The teaching and research implications of this analysis are 
considered and it is found to be helpful in both areas.
A review of the literature on alternative frameworks and 
misconceptions shows that the former are generalised 
statements of the views developed by individuals to explain 
their experience or observations. Misconceptions, on the
other hand, involve a logical flaw in linking two areas of
knowledge.
An interview schedule was designed to probe students' views 
of the concept of energy and the transcripts were analysed 
to reveal a number of misconceptions as well as the 
alternative frameworks discovered in earlier work. A 
second round of interviews revealed that the students' 
concept of energy was, in fact, quite close to the accepted 
'science' view but that much of the language used to express 
alternative frameworks was analogy. A number of distinct 
misconceptions, however, were present, particularly 
concerning the energy associated with chemical bonds. Some 
of these misconceptions could have been encouraged by the 
commonly-expressed functional framework of energy. 
Educational implications of the work are discussed.
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Preface
During the final term of the 1983-84 academic session, there 
arose the possibility of spending the following session on 
study leave. I had, for many years, been concerned to 
improve my teaching of the more conceptual areas of 
chemistry and I had read some of the research literature 
shedding light on concept understanding. I was also aware 
of some of the work in this area being done by John 
Gilbert's group at the University of Surrey. I therefore 
renewed my aquaintance with John who made some speedy 
arrangements for me to enrol as a research student in the 
Department of Educational Studies at the start of the 1984-85 
session. At that time, however, I had not made any 
decision on the precise area of work to be undertaken.
The start of the next session was traumatic. I met many new 
friends, both staff and students, at Surrey, took part in 
the Research Methods course run for all new students and did 
an enormous amount of reading both of educational journals 
and of the research recently carried out at Surrey. My 
period of full-time study, however, was only to last for one 
session so a project had to be chosen quickly and research 
data gathered. It was desirable in these circumstances to 
build on the expertise already available in the Department. 
John Gilbert had developed the Interview about Instances 
method and Mike Watts had recently completed a monumental 
piece of work for a PhD studying the concepts of energy held 
by school pupils. These factors were instrumental in my 
choice of an interview study centred around the concept of
energy as a way to probe undergraduates1 understanding of a 
number of areas of chemistry.
Most of the interview data were gathered during the Autumn 
term of 19 84 and some follow-up interviews were carried out 
before Easter 1985. The interpretation of the data 
extended well into the following session by which time I was 
back in harness as a full-time lecturer and working on the 
research part-time. Although my productivity decreased, 
the four terms spent working part-time allowed me to put 
into effect some of the lessons learned from the research 
and also to try out and monitor one small aspect of the work 
as a mini development project.
The Nature and Purpose of Science Concepts
1.1 Introduction
This chapter aims to analyse the nature of concepts with 
particular emphasis on science concepts such as energy, 
work, acid, evaporation etc. A concept is sometimes seen 
as a classification of instances with common features or as 
an abstraction of common features from a diverse population. 
This simple classification model, however, is shown to be 
unhelpful for educational purposes and two other models are 
examined. The first of these is a psychological model 
involving hierarchies of concepts or meaningful links 
between concepts. The second is a social constructivist 
model in which concepts are treated as human constructs
developed by the science community to fulfil particular
needs. A literature review shows that the social 
constructivist model is implicit in much previous work but 
is seldom made explicit by researchers. It is argued,
briefly, that the quality of both teaching and research
would be improved if the nature of the particular concept 
and the reasons for its existance were explicitly analysed 
at the planning stage.
It must be emphasised that this chapter does not discuss the 
question of which model of a concept is right even if that 
were possible. Rather it attempts to discuss the
usefulness of each model by examining the areas of 
application in which helpful educational conclusions can be
1
drawn. To use a psychological model of an isolated concept 
such as energy, for example, is unhelpful because such a 
viewpoint inevitably considers the place of one concept in 
an overall cognitive scheme. Considering the attributes or 
properties of energy, on the other hand, can be a fruitful 
exercise since this model can be applied to a single concept 
with little reference to related ideas.
1.2 The 'Classification1 Model of a Concept
A concept is often seen as an abstraction or generalisation
of a feature or features common to many examples. Thus the
concept 'dog' is a generalisation of a number of 'dogginess1
features common to some quadrupeds but not found in others.
Levine (1974) describes a concept as:
"...an abstract idea generalized from particular 
instances."
Bolton (1977) lists six characteristics of a concept, from
which the idea of a classification emerges strongly:
"Concepts are the expression of ways in which
experience has become organized. ... All concepts
are the result of particular instances becoming 
general by being treated as examples of a type or 
rule. ... a disposition to organize events in a
certain way..." (p.21 - 22)
The ultimate consequence of this classification model is the
assessment method suggested by Markle and Tiemann (19 70a):
"The learner really understands a concept when he 
can correctly classify previously unmet bits of 
reality into two piles: either it is or it isn't 
an x . "
A moment's reflection on the concept 'evaporation' (see e.g. 
Beveridge (1985)) will serve to dispel all idea of the 
adequacy of this statement. A full comprehension of 
evaporation phenomena such as clothes drying or puddles 
'disappearing' involves many levels of understanding.
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These could include, for example, change of state, the
conservation of matter, the molecular nature of liquids and 
many others. It is difficult to conceive of a set of 
examples and non-examples of evaporation which would
convincingly demonstrate such a full understanding.
The classification model of a concept has been refined by 
the inclusion of the ideas of Critical Attributes and 
Variable Attributes (sometimes called Irrelevant Attributes) 
(CAs and VAs) (Markle and Tiemann (1970b), Herron et al 
(1977)). Critical Attributes are the attributes which 
define the concept and Variable Attributes are those which 
vary across examples and non-examples of the concept.
Tennyson and Park (1980) use this model in their review of 
instructional design strategies and see CAs as a way of 
improving students' generalisation skills and VAs as a way 
of improving discrimination skills. The underlying model 
of classification into instances and non-instances, however, 
is clearly present throughout their paper.
The addition of Critical and Variable Attributes to the 
classification model of a concept could be said to have 
created a new model, namely the Attribute Model of a 
concept. I do not, however, accept that the Attribute and 
Classification Models are distinct. Classification is a 
means of testing concept understanding and a full 
understanding is taken to be demonstrated if correct 
classifications are made on the basis of appropriate sets of 
attributes (see, e.g. Park (1984), Tennyson and Rothen
(1977), Tennyson and Park (1980)). This model of concepts
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would, therefore, be better termed the Attribute Model and 
an analysis of a concept in terms of its attributes is often 
a useful exercise. Testing concept understanding by a 
classification method, however, is shown in the next section 
to be a procedure of doubtful validity.
1.2.1 The Inadequacy of the Classification Model 
In order to demonstrate the inadequacy of the classification 
model (or, more correctly, the classification method of 
assessing concept understanding described by Markle and 
Tiemann) it is necessary to show:
i. That an inability to classify an instance 
correctly does not indicate a lack of concept
understanding.
ii. That the ability to classify all instances 
correctly does not indicate a full understanding
of the concept.
This section aims to demonstrate the truth of these 
propositions for some concepts relevant to chemistry.
Given a list of chemical compounds characterised only by 
their trivial names, I would be quite unable to classify 
them correctly as 'ketones', 'heterocycles', 'unsaturated 
compounds', 'aromatic compounds' etc. This, however, would 
not indicate my inability to understand concepts such as
'ketone'. Likewise I am not able to say whether or not 936
wavenumbers is, or is not, an example of an infrared group 
frequency. I do, however, understand the concept of a
group frequency and am able to use it in the interpretation
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of infrared spectra. If I do not know the factual 
information concerning one particular wavenumber value, I 
can look it up in a table and still make use of my 
understanding of the concept to interpret the information 
available. Thus my inability to classify a particular 
instance does not necessarily indicate a lack of concept 
understanding.
It would be a simple matter to teach a small child that a 
matrix consisted of a rectangle of letters or numbers 
enclosed in round brackets e.g.
(«) a
\°i
{x y z)
After a few minutes instruction most children could then 
classify instances of matrices and discriminate them from 
determinants and from tables of values. They would, 
however, have no idea of the concept of 'matrix' as used by 
mathematicians. It may be argued that this is a trivial 
example, but it is no different from Herron et al's (1977) 
analysis of the concept 'mole' which says essentially that
6.02 x 10 is a mole, any other number is not. Chemists 
have far more in mind when talking of the 'mole concept' 
(see, e.g. Frazer and Sleet (1984)). In view of these 
examples it must be concluded that the ability to classify 
instances as examples and non-examples of a concept is 
neither a necessary nor a sufficient condition of concept 
understanding. Despite this simple demonstration of its 
inadequacy, however, the classification model of concepts is 
expressed by many authors in the research literature.
5
Perhaps the greatest weakness of the model is its tendency 
to mix the scientific and psychological aspects of concepts. 
Critical and Variable Attributes arise from the scientific 
nature of concepts, from the areas of science they seek to 
relate or distinguish. A human predisposition to classify 
and to search for relationships, on the other hand, is 
surely psychological in origin. It may therefore be useful
to examine the nature of concepts from separate
psychological and scientific points of view.
1.3 Psychological Models of Concepts
A number of authors have, in recent years, attempted to 
describe the nature of concepts from a psychological 
viewpoint. Most of these papers have been theoretical, 
relying on indirect inferences from past work although some 
have provided direct evidence for the views proposed. Two 
aspects of concepts come out strongly, the presence of 
various hierarchies and the importance of links being made 
in a person's mind between different concepts and between 
different aspects of a concept. The earlier literature (up
to about 1981) appears to concentrate on hierarchies while 
the question of links between topics seems to have attracted 
more attention latterly.
1.3.1 Hierarchies of Concepts
A number of hierarchical structures have been proposed for 
concepts. Some writers, for example, see learners as 
progressing from concrete ideas to the more abstract (Shayer
(1970), Ingle and Shayer (1971)). Others perceive advanced 
concepts as being built up from an understanding of
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subordinate ideas (Gower, Daniels and Lloyd (1977a,b)). It 
is tempting, in this area, to assume a congruence between 
logical and psychological aspects of a subject and to base 
psychological hierarchies on perceived subject
relationships. Driver and Easley (1978) pointed out the
danger of this assumption and it is easy to demonstrate its 
fallibility by considering the concept 'density1. Density 
is defined as mass/volume and it is tempting to conclude 
that density cannot be understood until mass and volume have 
been mastered. Most children, however, understand that
lead is 'heavier' than wood and hence have an intuitive 
understanding of density. A better analysis of these 
concepts is to consider that there are three ideas related 
by the equation:
density x volume = mass 
Any one of these may be the psychological starting point for
understanding. This point has been investigated by Preece
(1976) who found that first-form (12-year old) pupils and 
non-science graduates had a perception of mechanics concepts 
based on density, distance and velocity as fundamental 
quantities. Groups with a greater knowledge of mechanics, 
however, based their perceptions on the accepted fundamental 
quantities of mass, length and time.
The one instance where there may be a congruence between 
logical and psychological hierarchies is where there is a 
true set-subset relationship between concepts. Thus the 
ideas of polygon, triangle, isosceles triangle are probably 
learned in sequence since each is a subset of the former 
(Klausmeier et al (1974) Chapter 6).
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Three types of hierarchy have been proposed:
i. Hierarchies of Mental Stages
Stage theorists have postulated a hierarchical development 
of concepts rather akin to the developmental stages 
advocated by Piaget (Beard (1969)). Klausmeier et al 
(19 74) propose a model in which concept understanding 
progresses from 'concrete level' via 'identity level' and 
'classificatory level' to 'formal level'. Ward and Herron 
(1980) suggest three phases of concept aquisition: a
data-gathering or exploration phase, a phase in which 
patterns or regularities are invented and finally a 
discovery or application phase in which the usefulness or 
limitations of the concept are explored. These stages are 
seen as a refining of the mental structure of the concept.
Despite criticisms of stage theories (see, e.g. Donaldson
(1978), Driver (1978), Jenkins (1978)), many workers 
perceive it as important that the intellectual demand of a 
concept does not greatly exceed the level of mental 
development of the student (Shayer (19 70), Ingle and Shayer
(1971), Arons (1976), Arons and Karplus (1976), Renner 
(1976)). Continually teaching concepts beyond the 
developmental level of the student is seen as harmful 
(Griffiths (1976)).
Within this model of a concept, Herron (1978) maintains a 
clear psychological distinction between concepts such as 
earth, cell and force and mental processes such as
seriation, classification and correspondence, although 
Sutton (1980) suggests that there is a degree of overlap 
between the two and that mental processes may be developed 
as a result of the processing of conceptual ideas.
ii. The Concrete - Abstract Hierarchy
Many writers see the understanding of an abstract concept as 
a higher level goal than the understanding of something 
concrete. This view is implicit in the stage theorists’ 
models described above and it is also expressed clearly by 
Pines and Leith (1981) who view concepts as a linked 
hierarchy with abstract concepts at the apex. Kempa and 
Hodgson (1976) present one of the few pieces of direct 
experimental work on favour of this view and demonstrate a 
progression with age along a concrete - abstract dimension 
in describing chemistry concepts. Hewson (1985) suggests 
that a successful science student requires an 
epistemological commitment to generalisability and internal 
consistency. These could well represent the highest
abstract concept of all in the concrete - abstract 
hierarchy.
iii. Set - subset Hierarchies
Klausmeier et al (1974) suggest that genuine subsets (e.g. 
isosceles triangles) cannot be understood until the main 
concept (triangle) has been mastered. Warren (1983) 
maintains that energy cannot be fully understood without the 
concepts of mass, velocity, displacement and force. 
Empirical evidence for such assertions is seldom presented 
although Gower, Daniels and Lloyd (1977a,b) provide some
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direct evidence for a hierarchical structure of concepts 
underlying the mole.
1.3.2 Links between Concepts
The idea that understanding involves making mental links 
between subject areas is now a firmly-established part of 
the theory of concept learning and development. Driver and 
Easley (19 78) refer to the relationship between new 
knowledge and existing knowledge and Schaefer (19 79) regards 
concepts as a logic core plus an associative framework 
linking the concept to other areas of the subject. Pines 
and Leith (1981) maintain that concepts derive their meaning 
from their relationships with other concepts, and they 
suggest the construction of concept maps by students as a
way of making the nature of the relationships clear. Pines
and Leith distinguish a concept from a proposition which
they see as a set of two or more related concepts.
A number of workers have used concept maps of various types 
as a method of studying students' mental links between ideas 
(see, e.g. Matthews et al (1984), Ogborn (1985), Stewart 
(1980), Ault, Novak and Gowin (1984), Novak, Gowin and 
Johansen (1983)). It is important, however, to examine not 
just the fact of a link between two ideas but also the 
nature of that link (Gardner (1980)).
Posner and Gertzog (1982) and Posner, Strike, Hewson and 
Gertzog (1982) discuss conceptual change as a process of 
forming and re-forming mental links between ideas and they 
go into considerable detail about the conditions under which
10
firmly-held views will be changed. Osborne and Wittrock 
(1983) and Gilbert and Watts (1983) regard an individual's 
self-generated links as the feature of learning which 
generates personal meaning. Hewson (1985) discusses the 
need for a student to hold a committment to internal 
consistency in order to form and re-form links in a 
meaningful way and hence to develop personal concept 
understanding towards that of accepted science. This idea 
appears to be a very powerful one and may be the common 
factor between the hierarchical view of concepts and the 
network or link view.
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1.4 A Social Constructivist Model of Concepts
In attempting to delineate this model of a concept it is
helpful to quote an earlier passage from Markle and
Tiemann's (1970a) paper:
"A person who understands physics behaves like a 
physicist under the same conditions as a 
physicist. Given a novel slice of reality, he
sees it as a physicist would and takes the same
actions as a physicist would."
(M & T's emphasis) 
This is a more wide-ranging and convincing test of concept 
understanding than the mere classification of instances and
non-instances. Thus the classification of 6.02 x 10
particles as a mole (Herron et al (1977)) is trivial
compared to the use of the mole concept to solve analytical
problems (Frazer and Sleet (1984)). A chemist, faced with 
a novel analytical problem, would see it in terms of a 
molecular model of the chemistry involved and would use this 
model and the concept of the mole to help find a solution. 
Seeing the problem in these terms and solving it by using 
appropriate concepts is thus a convincing demonstration of 
concept understanding. These criteria also serve as clear 
goals to strive towards in concept teaching. Given a 
situation in which the scientist would use a concept, does 
the student use the concept in the same way? This
question, however, can only be approached if we first make a 
detailed analysis, from the scientist's point of view, of 
the nature of the concept and the reasons for its existance.
1.4.1 The Nature of Science Concepts
Scientific concepts, such as electric charge, the Ampere, 
energy, force, the mole, are familiar to, if not fully
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understood by students from O-level upwards. Indeed, many 
of these concepts are so fundamental to the study of science 
that students may regard them as the basic essentials of the 
subject. The aim of this section is to show that this is 
not the case. Some of the ideas are arbitrary, some are 
redundant and unnecessary, all are the product of man's 
imagination. I hope to show that science concepts are best 
regarded as social constructs arrived at by agreement among 
the scientific establishment (Ziman (1968)).
Few writers appear to have considered this area from a 
constructivist viewpoint. Fransella (1978) regards
personal constructs as socially constrained and argues that 
the personal and social worlds must be considered together. 
She considers individual constructs to be continually fed by 
the prevailing social ideology which, in turn, is moulded by 
the ideas of individuals in the society. This she sees as 
the reason for important discoveries often being made 
simultaneously by a number of workers when the time has 
become right for their social acceptance. Young (1971) 
discusses curricula as socially organised knowledge but, 
with some exceptions, considers the knowledge itself as 
'given' and examines how curricula are composed of socially 
accepted selections from the given pool. Esland (1971) goes 
further than Young in specifically regarding knowledge as 
humanly constructed. He favours an approach to teaching in 
which the learner develops a series of inferential chains 
allowing him to control increasing quantities of data.
Solomon (1984) has discussed the construction of children's
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knowledge and particularly the fact that similar alternative 
views occur very frequently. She considers that this is 
more likely to be the result of social interactions between 
individuals than of similarities in personal circumstances 
and the interpretation of observations. She accepts,
however, that there are often contradictions within an 
individual child's views and also between individuals and 
that contradictory views are understood rather than accepted 
by other children. Her work is most readily interpreted on 
the basis of Kelly's Personal Construct Psychology 
(Bannister and Fransella, (1980)) in which individuals are 
seen as constructing, their own interpretation of events
around them. In particular, two of the corollories of the
theory seem to accommodate the points made:
Fragmentation corollary: A person may
successively employ a variety of construction 
sub-systems which are inferentially incompatible 
with one another.
Sociality corollary: To the extent that one
person construes the consruction processes of
another, he or she may play a role in a social 
process involving the other person.
I am arguing that the nature of scientific concepts goes
beyond Kelly's sociality corollary and also beyond his
commonality corollary.
Commonality corollary: To the extent that one
person employs a construction of experience which 
is similar to that employed by another, his or her 
processes are psychologically similar to those of 
the other person.
Neither the sociality nor the commonality corrolaries
implies the acceptance of a viewpoint by all members of a
group. This feature of acceptance will be discussed in
14
detail later since it is central to my view of a science
concept as a social construct. The problems inherent in 
the acceptance of an idea also give rise to possible 
learning difficulties and these, too, are considered later.
My view of a concept as a social construct are most closely 
expressed in the writings of Berger and Luckmann although 
even they do not always go quite as far as I would wish into 
the constructed nature of a concept:
"Everyday life presents itself as a reality
interpreted by men and subjectively meaningful to 
them as a coherent world, ... it is possible to 
take this reality as given, to take as data 
particular phenomena arising within it without
further inquiring about the foundations of this 
reality.1
(Berger and Luckmann, (1967), p33)
I do not take concepts such as energy, force, the Ampere as 
given reality but as social constructs whose foundations 
merit inquiry since this inquiry can shed light on possible 
difficulties inherent in learning the concepts.
In other places, however, Berger and Luckmann, in discussing 
institutional worlds (and I take the institution of science 
as one such world) appear to hold a more 
social-constructivist view:
"It is important to keep in mind that the 
objectivity of the institutional world, however 
massive it may appear to the individual, is 
humanly produced, constructed objectivity."
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This view of the institutional world is similar to the 
cyclic building-up process described by Fransella, (1978) 
and discussed above. In the extreme, the process results 
in 'reification':
"What is, in fact, a human product is perceived as
having a reality in and of itself, as an alien
reality no longer recognisable as a product."
(Wuthnow et al, (1984))
I see science concepts as initially arising from an 
individual's perception of the world. This perception is 
then discussed and negotiated with the individual's
collaborators and fellow practitioners. There is thus an 
interplay between different personal perceptions, and a 
concensus view may emerge from this social interaction.
During this process some arbitrary choices may have to be 
made (do we, for instance, take electric currrent or
electric charge to be a base quantity?). These arbitrary 
choices can be justified on the grounds that they make no 
essential difference to the nature of the subject or the way 
in which it is described. They must then be accepted by 
the whole community as part of the process of communicating 
with other practitioners. As the subject area develops 
some well-established concepts may be found to be redundant. 
Their elimination at that stage, however, could cause more 
confusion to the subject than their retention. Hence a 
subject area may reach an advanced stage of development with 
a set of concepts which includes arbitrary choices, choices 
which some may see as illogical and some concepts which are, 
strictly speaking, redundant. I shall turn now to some 
examples of science concepts to illustrate these
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contentions. I hope, here, to illustrate the fact that the 
acceptance of an arbitrary choice by all members of the 
science establishment is a key feature of our set of 
concepts. I hope also, to illustrate that this feature can 
give rise to some possible learning problems. This is not 
intended as adverse criticism of the scientific 
establishment which produced our present body of concepts.
I regard our set of established science concepts as a mature 
and useful set of ideas by virtue of the process of social 
interaction which produced them. Later I shall contrast 
this view with the more immature alternative conceptions of 
students as personal constructs.
The function of science concepts is to provide a theoretical 
framework to explain the observed world and suggest further 
lines of inquiry (Driver (1981)). These further lines of 
inquiry then generate a revised set of concepts and our 
understanding advances. This synergism between theory and 
experiment is well expressed by Wilier (1971):
"All of the empirical work which Galileo did was a 
consequence of his theoretical ideas. His 
experiments were not random like those of the 
alchemists, but were a consequence of his theory 
which, in turn, developed to be isomorphic to the 
facts as they were established." (p. 121)
Some concepts such as length have their origin in antiquity
and it would be difficult to conceive of a person with no
idea of this concept. It would also be difficult to
conceive of any misunderstanding or disagreement within a
Newtonian world about the nature of the concept of length.
But even this simple idea has a degree of arbitrary social .
agreement in its measurement. The room in which I am
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writing is twelve feet wide, not for any absolute 
fundamental reason but because the concept of a 'foot' is a 
socially agreed construct. Had the agreement been 
different, the same room may have been fourteen length units 
wide or only a small fraction of some other, larger, unit. 
The size of the unit is an arbitrary matter resolved by an
agreement which is readily reached in the case of such a
simple concept.
Not only is the size of the unit a social construct, so, 
too, is the set of base quantities used in the S.I. system. 
The Symbols Committee of The Royal Society describes the 
choice as "international convention" (Royal Society, (1971)) 
but this is no more than a synonym for 'social construct1, 
and the arbitrariness of the choices can be simply 
illustrated. The quantities electric current (I in
Ampere), time (t in seconds) and electric charge (Q in
Coulomb) are related by the expression:
Q = It
The existence of this expression means that a knowledge of 
any two of these quantities implies a knowledge of the 
third. Time is a clear contender for a place as a base 
quantity but the choice of charge or current is quite 
arbitrary. If charge is chosen as a base quantity, then 
current becomes a derived quantity defined as Q/t. If 
current is chosen as a base quantity, then charge becomes 
derived with a value of It. It would appear logical, since 
we believe that charge cannot be subdivided into amounts
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below the electron charge, to choose it as the base quantity 
and let electric current be derived. In fact this is not 
the case. Current is taken as the base quantity and charge 
is derived. This choice is a social construct of the 
scientific establishment and individual scientists must 
accept it regardless of whether or not it reflects their own 
personal view.
The internationally agreed S.I. system relies on seven base 
quantities. It could be argued that there is unnecessary 
redundancy here. The relationship between current, charge 
and time has been discussed above. Electric current need 
not be defined as a separate base quantity but could be 
defined in terms of other base quantities as a rate of flow 
of electrons with units of mole per second. This would 
reduce the number of base quantities from seven to six, 
change the form of a number of equations and remove the need 
for the Faraday constant which describes the amount of 
charge on a mole of electrons. This system, however, is my 
personal construct and does not match up with the socially 
constructed establishment system. If I am to practise 
science as currently established I must abandon my personal 
construct and work within the establshed view since that is 
an equally valid way of describing scientific observations.
Should there be a situation in which an alternative set of 
constructs substantially altered the perceived view of a 
subject then an individual would be under a duty to argue 
for a change. Where the choice is essentially arbitrary, 
however, a change would involve much mental reorientation 
and two mutually inconsistent sets of literature. There is
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thus significant social argument in favour of maintaining 
the status quo and subject areas may continue for many years 
with a historically developed and less than ideally 
efficient set of concepts.
So far I have discussed simple scientific concepts, many of 
which are, or have a claim to be, base quantities in any 
system of describing the world. Most concepts are more 
complex than this and in some cases the need for them has 
only emerged relatively recently. The concept of energy is 
one such and only became accepted and distinguished from the 
concept of force, in the mid nineteenth century (Singer, 
(1959)). The history of the emergence of the concept of 
energy is inextricably mixed with the discovery of its 
conservation (Elkana, (19 74)). The general acceptance of 
energy as a conserved quantity and the resulting power of 
the conservation law in making predictions and drawing valid 
conclusions (Feynmann, et al (1963)) are the reasons why 
energy is accepted as an important science concept. 
Energy, however, is no more than a set of formulae by means 
of which we can calculate an abstract quantity for bodies in 
motion (mv2-/2) , elevated bodies (mgh) or heated bodies 
(mC0). These formulae are human constructs which have 
become accepted by the scientific community as a result of 
their predictive and interpretive power which derives from 
the property of conservation.
It is possible to invent any number of functions by 
combining different physical properties of a substance. 
For instance, the Grurtz function (one of the author1s more
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eccentric personal constructs) is defined as the surface
tension at the melting point divided by the entropy of 
fusion. The fact that values of the Grurtz function are 
not tabulated for chemical compounds reflects the fact that 
it has no use, no predictive or interpretive power and hence 
no social acceptance by the scientific community. Other 
quantities or functions, such as energy, the Trouton
constant, Reynolds Number and Gibbs function are equally
human constructs but since they have predictive or 
interpretive value they are accepted and used. This point 
is not always readily appreciated, for example Richmond
(1982), in a leading article in Physics Education suggests 
as an alternative definition of energy:
"If energy wasn't conserved, it wouldn't exist."
I do not accept this view for two reasons. Firstly it 
implies that energy has an absolute existence whereas I 
consider it to be the product of the mind of nineteenth 
century scientists. Secondly if energy was not conserved, 
we could still relax in our perpetual-motion world 
calculating values of mvi/2 for moving bodies and mgh for 
elevated bodies and recording the results as values of 
'energy'. In the absence of conservation, however, the 
result would have no more status than the Grurtz function. 
It would simply be a meaningless assemblage of quantities. 
It is the fact of conservation, and the resulting importance 
of the concept of energy, that has given meaning and social 
acceptance to the assemblage of quantities represented by 
mv^/2 or mgh.
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To conclude this section I wish to turn to the question of 
acceptance from the point of view of the student learning 
science. Learning a science concept involves more than 
"construing the construction processes of another", in the 
words of the Sociality Corollary. It involves accepting 
the sometimes arbitrary constructions of the scientific 
establishment in preference to an alternative and possibly 
more attractive personal construct. Some of the problems 
inherent in this acceptance have already been mentioned in 
discussing the arbitrariness and redundancy in the accepted 
system of concepts. Berger and Luckmann, (1967) make this 
point:
"A and B, the original creators of the social 
world, can always reconstruct the circumstances 
under which their world, and any part of it was 
established. ... A's and B's children are in an 
altogether different situation. ... The original 
meaning is inaccessible to them in terms of 
memory. It, therefore, becomes necessary to 
interpret this meaning to them in various 
legitimating formulas. These will have to be 
consistent and comprehensive in terms of the 
institutional order, if they are to carry 
conviction to the new generation." (p. 79)
and:
"...it is more likely that one will deviate from 
programmes set up for one by others than from 
programmes that one has helped establish oneself." 
(p. 80)
The problem of acceptance, even by mature people, must not 
be underestimated. The quantity 'amount of substance' and 
its unit, the mole, have been part of the S.I. system for a 
number of years (Royal Society, (1971)). Despite this a 
simple article touching on teaching difficulties in this 
area (Vincent, (1981)) brought forth a Letter to the Editor 
(which the Editor saw fit to publish) (Clayton, (1981))
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claiming that "the mole is not a basic unit" and that 
"Amount of substance, as used in the S.I. is an 
anachronism".
The importance of personally accepting and valuing a concept 
as a pre-requisite to learning is discussed by Hewson,
(1981), by Posner et al, (1982) and by Ford, (1980) all of 
whom regard it as essential that the learner personally 
values a concept as a fruitful way of looking at the world.
This personal valuing is more likely to occur if the 
learner appreciates the nature (possibly the historical 
nature) of the concept. It is also more likely to be seen 
as a fruitful way of looking at the world if the learner 
appreciates the purpose for which the concept was originally 
constructed. Later in this Thesis (Chapter 3) I consider 
further teaching implications of the social constructivist 
model.
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The crux of the argument in the preceding section is that 
science concepts are socially agreed constructs of 
practising scientists (Ziman (1968)). As such they are 
produced to fulfill a need. This need must be fully 
appreciated if concepts are to be taught and researched in a 
meaningful and valid fashion. It is my contention that 
much of the literature on science teaching and many of the 
publications describing science education research have 
given too little attention to the simple question of why the 
science concept exists in the first place. Questions such 
as 'Why do we need this idea?1 'What better understanding 
of nature do we have if we use this concept?' 'What 
greater insights can be gained by mastering this concept?' 
must surely sharpen our awareness of the nature of 
scientific ideas. As such, teaching based on answers to 
these questions must be more soundly based than the simple 
'Everest' approach: 'We've got to teach it because it's
there'.
The following paragraphs are an attempt to identify, partly 
by inference from the literature and partly by ab initio 
thinking, some generalised reasons why science concepts 
exist. These have been termed aspects of science concepts 
and four have been identified; two of these have been 
further sub-divided. They are not seen as distinct 
categories into which concepts can be fitted but as aspects 
which may be shown by concepts. Some concepts may show 
several of the aspects; some readers may perceive 
commonality between the different aspects. These features
24
do not detract from the major point, that the aspects 
provide a framework within which to consider the purposes 
for which a science concept has been constructed.
i. Classification
Concepts undoubtedly do have a classificatory aspect. 
Compounds can be classified as aromatic molecules or 
non-aromatic molecules, as ketones or alkenes although even 
this simple pidgeon hole approach is not always as easy as 
it may seem and for this reason this aspect must be further 
sub-divided:
a. Absolute Classification
The concept 'ketone' forms a convenient example of this 
aspect of a concept. A molecule is either a ketone or 
not a ketone and some understanding of chemistry will 
be shown by a student who correctly classifies 
instances and non-instances of this sort.
b. Relative Classification
Although the concept 'acid' has a significant 
classificatory aspect, it is not always easy to apply 
it. Ethanoic acid, for example, ionises as an acid in 
water but as a base in concentrated sulphuric acid. 
Should it, therefore, be classified as an acid or as a 
non-acid? The answer is simple: it is an acid
relative to water but not an acid relative to sulphuric 
acid. This relative classificatory aspect of concepts 
is an important one for the full understanding of many 
areas of science.
The classificaton aspect of concepts, whether absolute or
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relative, goes further than a simple pidgeon hole into which 
examples are placed. To understand a concept which has a 
high classification aspect, a person should not only be able 
to classify examples but also be able to predict common 
class properties and explain the basis of the 
classification. Only by a full consideration of these 
additional points will all the implications of a simple 
classification be revealed.
ii Phenomena
Concepts such as light, evaporation or magnetism can be 
regarded as phenomena. They have a factual content and are 
associated with certain observable events or changes. 
Concepts having a phenomenon aspect cannot easily be tested 
by a classification method; to say that something is or is 
not evaporation in no way probes a person's understanding of 
the topic. Phenomena appear to occur in concrete - 
abstract hierarchies, thus the phenomenon of clothes drying 
on a line or water disappearing from a puddle may be 
explained by the more abstract model of evaporation. 
Similarly, if evaporation is regarded as a concrete 
phenomenon, the kinetic-molecular model of moving, invisibly 
small particles would represent the next stage of 
abstraction. It is convenient, therefore, to sub-divide 
the phenomenon aspect of concepts:
a. Factual Descriptive Phenomena
The examples already given fall into this category. 
An understanding of descriptive phenomena is often 
tested by questions based on demonstrations or 
descriptions of experiments. An understanding of the
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phenomenon then allows a correct prediction of the 
outcome of the experiment.
b. Models of Phenomena
Models are seen in this context as one stage of 
abstraction beyond a descriptive phenomenon. In many 
chemical contexts the model would be an atomic or 
molecular description of an observation (Novick and 
Nussbaum (1981), Bell, Brook and Driver (1984)) but 
other models are possible, for example an energy change 
or energy conservation model could be used to describe 
many chemical or physical phenomena. In general a 
model of a phenomenon is not something which can be 
perceived directly by the senses; it could, therefore, 
be regarded as akin to a theory to explain a 
phenomenon.
iii. Relational
This aspect of concepts is taken to mean the expression of a 
relationship between objects or quantities. The most 
obvious concepts showing this aspect are the mathematical 
operatons such as 'add1, 'subtract' or 'multiply'. The 
relational aspect is also shown by concepts such as symmetry 
operations and matrices which are used to relate or 
transform one object or representation into another. 
Geometric concepts such as 'corner' or 'edge' also have a 
relational aspect since thay define the relationship between 
a number of plane faces of a body.
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iv. Problem Solving
This aspect of concepts is shown when a relationship between 
two or more concepts is used to predict or interpret some 
result. Problem solving may be qualitative (descriptive) 
or quantitative (numerical). Many concepts have a problem 
solving predictive or interpretive aspect and giving 
examples is rather less informative than was the case for 
the other aspects discussed. This is because the problem 
solving aspect is not so much a feature of the concept as of 
the way in which it is used in a particular case. For 
example, the concept 'electric current1 can be regarded as a 
phenomenon but, when incorporated into equations such as 
E = IR or Power = I2R it assumes a problem solving aspect in 
that situation.
Having proposed a four-aspect model of concepts, the 
question which arises next is whether or not the four 
aspects form a hierarchy, enabling concepts to be classified 
hierarchically. It is my belief that no such hierarchy 
exists but that the aspects are simply a convenient check 
list for analysing the possible purposes of a science 
concept.
If the four aspects do, in fact, form a hierarchy, A-B-C-D 
(not necessarily in the order presented above) then a 
concept should show either one aspect or a set of adjacent 
aspects e.g. A and B, B and C, B, C and D etc, but never a 
set such as A and C or A, B and D. In order to disprove a 
hierarchical model, it is only necessary to show that a set 
of concepts show aspects which cannot be fitted to a
28
mutually consistent hierarchy.
Consider, therefore, the concepts:
Particle model (kinetic-molecular model)
Edge
Concentration
Isomerism
Analysing these according to the four-aspect model results 
as follows:
Particle model: a model of a phenomenon, used in
problem solving
Edge: relates two plane faces; geometrical features
can be classified as edges
Concentration: used in problem solving; relates
volume and amount
Isomerism: a pair of substances can be classified as
showing isomerism; isomerism is a phenomenon.
It is not possible to arrange the four aspects in a 
hierarchy fulfilling the requirements outlined above and, 
indeed, the four concepts used for the example are so 
disparate that little benefit could be derived from any 
attempt at a hierarchical arrangement.
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1.5 Models of Concepts Stated or Implied by Previous Workers
Markle and Tiemann's (1970a) paper, with its heavy emphasis 
on the classification model of concept understanding, seems 
to have influenced many writers and researchers publishing 
in the succeeding decade. Their model was subsequently 
extended by the inclusion of Critical and Variable 
Attributes (Markle and Tiemann (1970b), Heron et al (1977)) 
and the extended model was used by Tennyson and Park (1980) 
in an important review. During this time, however, a 
number of papers considered the problem solving aspect of 
concepts, mainly applied to mole calculations (Duncan and 
Johnstone (1973), Hudson (1976), Gower, Daniels and Lloyd 
(1977a,b)), thermodynamics and energy (Johnstone, Macdonald 
and Webb (19 77), Feynmann et al (19 63)) and Mechanics 
(Viennot (1979), Osborne and Gilbert (1980b)). Virtually 
no papers in the 19 70s considered the phenomenon aspect of 
concepts but many recent papers have covered phenomena such 
as heat (Ericson (1980)), the particle model (Bell, Brook 
and Driver (19 84)) or evaporation (Beveridge (1985)). No 
papers have been found which specifically address the 
question of the relational aspect of concepts. This could, 
however, be due to the fact that the publications surveyed 
have been predominantly concerned with science education 
while many . relational operators fall within the domain of 
mathematics.
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1.5,1 The Classification Aspect
Herron et al (1977) adopt a classification model of concepts 
in their discussion of the problems of analysing concepts in 
terms of subordinate, superordinate and coordinate ideas. 
They indicate that some concepts give rise to problems in 
analysis having, for example, no perceptible instances or no 
useful non-examples (e,g, atom, universe, nucleus). Some 
are specifically mentioned as naming processes such as 
distillation or melting which, on the present scheme, would 
be termed concepts with a high phenomenon aspect. Many of 
the problems identified by Herron et al appear to stem from 
the inadequacy of the classification model. In contrast to 
these difficulties, Tennyson and Rothen (1977) and Tennyson 
and Park (1980) apply the model with considerable success. 
The concepts they studied, however, were two legal concepts 
(hearsay and best evidence) which have a particularly high 
classification aspect. The classification model has been 
used as the basis of a number of other studies of concept 
learning (Rothen and Tennyson (1978), Park (1984), Dunn
(1983)).
During the 19 80s many authors have appeared uneasy with the 
classification model but rather vague about how it should be 
amended or extended. Sutton (19 80), for instance,
discusses a classificatory model of the concept 'metal' but 
goes on to indicate that other important aspects of metals 
do not easily fit this model (e.g. 'metals are used 
for...'). Gilbert and Osborne (1980a) adopt a
classificatory model and state: 'it is generally agreed that
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the key measure of concept attainment is the ability of an 
individual to properly categorize instances not previously 
encountered as instances or non-instances of the particular 
concept.' They go on to suggest, however, that their 
interview method will further probe the reason for the 
classification decided upon. Indeed, when studying the 
concept 'work', they elicit from students a number of 
statements indicating their ability to use the concept in a 
problem solving, predictive fashion. Osborne and Gilbert 
(1980a,b) show a similar ambivalence to the concepts 
'electric current1 and 'force1 and specifically do not ask 
their interviewees, 'What is an electric current?' for fear 
of simply obtaining a definition learned by rote. In 
studying students' understanding of 'force' (Osborne and 
Gilbert (1980b)) they specifically mention children's 
'expectations which enable tham to predict future events'. 
Later in the paper, although again apparently concentrating 
on the classification of instances .and non-instances, they 
emphasise the importance of discovering the student's 
reasons for holding the stated views. Other papers using 
the Interview About Instances method also appear to take a 
broader view of the concepts studied. Gilbert, Watts and 
Osborne (19 82) examine the reasons why interviewees hold 
their stated views about forces but do not specifically 
discuss force-movement-
acceleration relationships in that paper. Osborne, Bell 
and Gilbert (1983), Watts and Gilbert (1983) and Gilbert and 
Watts (1983) begin with an explicit classification model of 
concepts but broaden this view to include problem solving 
and phenomenon aspects. Watts (19 83) also appears to take
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a classification view although he emphasises that he is 
probing his interviewee's classifications of energy. His 
conclusions, however, are seven 'alternative frameworks' of 
energy which read very much like phenomenological 
descriptions.
To summarise this section there seems to be much lip service 
paid to the view that concepts are the classification of 
instances and non-instances. There also seems to be a 
clear recognition that valuable information may be obtained 
about a student's understanding if his reasons for a 
classification are explored. There appears, however, to be 
little explicit focussing on the reason for the existance of 
a concept. More significantly, perhaps, the classification 
model appears never to have been divided into absolute and 
relative classifications. Investigators have so far asked 
questions like, 'Is there an X here?' but have not asked, 
'Is there more or less X in this case than in that case?' 
For concepts like force work, electric current, this may 
not be appropriate. For concepts like acidity, ionic bond 
or oxidising agent,the ability to answer such a question is 
essential to a full understanding of the concept.
1.5.2 Phenomena
The extensive study of students' understanding of phenomena 
appears itself to be a recent phenomenon. Ericson (1980) 
studied children's ideas of heat and temperature and 
specifically described these as 'phenomena'. His approach 
was to invite participants to rate statements explaining the 
results of certain demonstration experiments. His results
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were analysed in terms of a kinetic model a caloric model 
and a children's model of heat thus implicitly recognising 
the descriptive and model aspects of phenomena discussed 
earlier. Gilbert and Osborne (1980b) also recognise these 
two aspects, describing a model as an invented idea which 
attempts to explain aspects of the world. Hewson (1981), 
in a largely theoretical paper, quotes the geocentric and 
heliocentric solar systems as examples of alternative 
concepts. These are clearly factual descriptive ideas
coming within the phenomenon heading. Hewson proposes that 
conceptual change requires dissatisfaction with one concept
arising out of its failure to correctly predict future
events or to describe phenomena. Bell, Brook and Driver
(1984) investigated children's use of the particle model to 
explain a presented phenomenon. Novick and Nussbaum (1981) 
used a paper and pencil test in which participants were 
asked to use the particle model to explain a phenomenon, a 
simple experiment or a situation. Beveridge (1985) studied 
children's understanding of evaporation as a phenomenon
involving change of state. His participants were aged 5 to 
9 and the work did not go as far as a study of the particle 
model. Nevertheless, Beveridge clearly recognises a
hierarchy of explanations of evaporation phenomena. 
Gilbert, Osborne and Fensham (19 82) describe an Interview 
About Events schedule to study the phenomenon of physical 
change. They again recognise and probe the particle model 
but do not specifically comment on any hierarchical 
relationship between phenomena and models.
A number of writers have considered energy as a concept to
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explain phenomena. Warren (1983), for instance,
specifically describes energy as 'an abstraction used in the 
theoretical analysis of phenomena ... not a commodity, a 
phenomenon or a sensation1. Duit (19 84) and Brook and 
Driver (1984) take similar views.
Carr (1984) discusses the concepts of acid and base and the 
various molecular models used to define the two terms. He 
does not specifically discuss the nature of science concepts 
but on the present scheme acidity and basicity could be 
termed phenomena (e.g. acids taste sharp or sour, they eat 
away metals and change the colour of vegetable dyes) while 
the different molecular explanations could be termed models 
of the phenomena.
Shipstone (1984), in a study of DC circuits, clearly 
recognised a relationship between phenomena and models and 
used paper and pencil tests to . study pupil's models of 
electric current. Some of his testees responded by 
describing the observation (phenomenon) to be perceived when 
a circuit was completed. This was treated as an 
uncertainty or difficulty in the study implying a 
recognition of the hierarchical relationship between the 
phenomenon and the model. The concept of light has been 
investigated by La Rosa et al (1984) who describe light as 
'a phenomenon totally pervasive of life'. Hackling et al
(1985) conducted a study of students' qualitative ideas of 
chemical equilibrium. As part of this study they 
identified a number of phenomena (termed propositions) which 
characterised equilibrium processes. The phenomenon of
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combustion, modelled as a chemical reaction, has been 
studied by Meheut et al (19 85) and Dentici et al (19 84) have 
studied the maturation of the concept of floatation in young 
children.
To summarise this section, many science concepts can be 
viewed as phenomena and are recognised as such by the 
authors concerned. Phenomena and models (explanations of 
phenomena) are seen as being related but the idea of a 
hierarchy is seldom made explicit despite the clear pointer 
by Gilbert and Osborne (19 80b) who describe a good model as 
one which 'suggests much speculation about the original 
phenomenon1. Some topics seem to be more clearly part of a 
hierarchy than others. Thus the phenomenon of a 
heliocentric solar system is best considered on its own 
while the phenomenon of drying (e.g. clothes on a washing 
line (Beveridge (1985)) can be viewed as part of a 3-stage 
hierarchy: drying, evaporation (change of state), particle 
model. It is contended that an explicit recognition of 
this aspect of concepts would be to the benefit of both 
teaching and research.
1.5.3 Problem Solving
Compared to the study of students1 understanding of 
phenomena, the study of problem solving has a long history. 
Much of the work is concerned with the solution of 
artificial closed numerical problems in such areas as 
thermodynamics (Johnstone, Macdonald and Webb (19 77), 
analytical mole calculations (Duncan and Johnstone (1973) 
Hudson (1976), Gower, Daniels and Lloyd (1977a,b), Vincent
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(19 81), Dierks (19 81), Lazonby, Morris and Waddington 
(1982), Frazer and Sleet (1984)) and redox reactions (Allsop 
and George (1982)). Johnstone, Macdonald and Webb
specifically sought out thermodynamic misconceptions in the 
sense of incorrect links to existing knowledge but they make 
it clear that the function of thermodynamics is a problem 
solving, predictive, one. Frazer and Sleet (1984) , 
Gorodetsky and Hoz (19 80) and Lowe (19 82) all take a model 
of problem solving which involves the use of links between 
related concepts. All the papers on mole calculations make 
reference to the solution of numerical problems while Allsop 
and George (19 82) cover a similar area but with an emphasis 
on oxidation-reduction processes.
Feynmann et al (19 63) show how energy (or rather the 
principle of energy conservation) can be used to solve 
problems in mechanics. Warren (1982) sees energy as an
abstract idea invented to help - in the quantitative 
investigation of phenomena and Duit (1981) discusses the
problems of teaching energy as a rigorously conserved 
quantity. Brook and Driver (19 84) find that students
seldom use energy conservation spontaneously to solve 
problems. All these authors clearly recognise the problem 
solving aspect of energy, indeed Warren's view seems to be 
that this is the sole reason for its existence.
A number of authors have studied students' understanding of 
dynamics including the relationships between force, energy 
and motion. Viennot (1979) used paper and pencil tests 
requiring students to predict some aspect of the motion of a
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body or bodies. Osborne and Gilbert (1980b) interviewed 
students on the subject of 'force' . using drawings of 
situations whose outcome could be predicted and Whitaker 
(19 83) used written problems to assess understanding of 
trajectory motion.
Problem solving need not involve numerical problems; Cohen, 
Eylon and Ganiel (1983) specifically designed a set of 
qualitative questions to probe students' understanding of 
electric circuits and Whitaker's (1983) questionnaire was 
also qualitative. Gilbert and Zylbersztajn (1985) review 
the topics of force and movement and indicate how the 
scientists' view of their relationship developed from 
Aristotle to Newton. They survey a number of research 
studies, many of which examined students' qualitative ideas 
of the relationship.
Summarising this section the problem solving aspect of 
science concepts is well established in many past studies. 
It is shown whenever a relationship between two or more 
concepts is used qualitatively or quantitatively to predict 
or interpret an end result. Both the quantitative and 
qualitative (intuitive) aspects of problem solving have been 
seen as important by previous workers and most teachers 
would confirm the importance of an intuitive understanding 
as well as an ability to substitute numerical values into a 
formula.
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CHAPTER 2
Alternative Frameworks and Misconceptions
2.1 Introduction
It is now clearly established that learners do not approach 
science lessons with a blank mind. They bring their own 
personal views of the world to new learning experiences and 
often find these personal views more acceptable than the 
views put forward by the teacher. Much of the difficulty 
stems from the frequent everyday use of words such as force, 
work, energy etc which have precise meanings in a scientific 
context but much looser meanings in general parlance 
(Gilbert and Osborne, (1980), Watts and Gilbert, (1983), 
Solomon, (1983a)). Learners' personal views have been 
termed "alternative framworks" (Driver and Easley, (1978)) 
and "children's science" (Gilbert, Osborne and Fensham,
(1982)). The field has been reviewed by Osborne, Bell and
Gilbert (1983), Gilbert and Watts (1983), Osborne and
Wittrock (1983) and Fensham (1984)
2.2 The Nature of Alternative Frameworks
Despite a great deal of work and many published papers in 
this area, there have been few attempts to establish a clear 
definition of the concept of an alternative framework, or, 
indeed, even to agree on the use of the term. Driver and 
Easley (1978) in their original paper coining the phrase, 
describe alternative frameworks as:
"... products of the human imagination. ...
alternative interpretations seem to be the product
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of pupils' imaginative efforts to explain events 
and abstract communalities they see between them. 
These may well be in keeping with their experience 
although they may be recognised as partial 
explanations of limited scope."
Gilbert and Watts (1983) regard frameworks as "gerleralised,
non-individual descriptions", although some individual
statements can show all the characteristics of the
framework. The individual statements then make convenient
examples (Watts, (1983)). Gilbert, Osborne and Fensham
(1982) characterise children's science as "part of 
conceptual structures which provide a sensible and coherent 
understanding of the world from the child's point of view" 
and "to them, logical and coherent". Osborne and Wittrock
(1983) take the same view. All these authors seem to be 
viewing frameworks as personal constructs although Driver 
and Easley's wording emphasises the limitations and 
immaturity of the constructs held compared to those of 
established science.
In contrast to the terms "logical, coherent, sensible", 
Solomon (1983b) describes children's views of energy as 
"Messy, contradictory and obstinately persistent". These 
apparently conflicting views represent respectively the 
viewpoints of the child and that of the teacher but a clear 
definition or set of attributes for the term alternative 
framework does not appear to have emerged. One feature, 
however, does seem to be generally agreed and that is the 
obstinate persistence noted by Solomon (1983b). Gilbert, 
Osborne and Fensham (1982) discuss various outcomes of 
teaching which may arise as a result of this persistence and 
Osborne and Wittrock (19 83) note that alternative views are
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held by older students after considerable exposure to
science teaching, showing that children's ideas can be
amazingly tenacious and resistant to change. This
persistence continues even to undergraduate level where 
students' ideas of basic physics concepts are still
remarkably similar to those of younger pupils (Gunstone and 
White (1981), Peters (1982), Whitaker (1983)).
I wish to suggest that an alternative framework is
characterised by three interdependent features:
i. It is a generalised representation of many personal 
constructs which could be arrived at by processes 
described by four of the corollaries of Kelly's 
Personal Construct Psychology (Bannister and Fransella 
(1980) :
Individuality corollary: Persons differ from each
other in their construction of events.
Range corollary: A construction is convenient for the
anticipation of a finite range of events only.
Fragmentation corollary: A person may successively
employ a variety of construction sub-systems which are 
inferentially incompatible with each another.
Experience corollary: A person's construction system
varies as he or she successively construes the 
replication of events.
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ii. An alternative framework usually reflects some 
attributes of the scientists' concept.
iii. An alternative framework can sometimes be a
helpful analogy to the scientists' concept.
Each of these features will now be discussed briefly using 
as the example the Aristotelian alternative framework:
Force causes movement
(Watts and Zylbersztajn (1981))
Individuality: A young child and a physicist, seeing
somebody pushing a car along a road, will differ in the
meaning they ascribe to the event. The child will probably 
see the force as causing movement,^the physicist will see 
the force as overcomimg frictional forces resulting in no 
net force on the car and a constant velocity.
Range: The framework "force causes movement" is convenient
for many pushing and moving activities but it is unhelpful 
for trajectory motion. It is therefore necessary for a 
different framework to be used outside the range of 
applicability of the original. A limited range of
applicability is not only a feature of alternative 
frameworks; it is also characteristic of scientists' 
concepts. Newtonian physics breaks down for atomic sized 
particles and Euclidean geometry fails if applied to
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galactic space. Our common sense concepts have to be 
abandoned when we move to sizes and speeds outside our range 
of experience (Jones and Mooney (1981)).
Fragmentation: The truth of the fragmentation corollary
follows logically from the restricted range of an 
alternative framework. If different frameworks have to be 
used for trajectory and other motion, it is highly unlikely 
that they will be compatible with each other.
Experience: The experience corollary allows hope that an
immature young scientist will develop and value the views 
held by scientists. Our physicist watching the car being 
pushed may once have held the alternative framework "force 
causes movement" but with increasing experience and tuition 
his construct system has changed. Gilbert and Osborne 
(1980) note a marked difference between 11-14 year olds and 
16-18 year olds in their understanding of the term 'work' 
although they accept that the older students may simply have 
been applying the conventional physics view without real 
belief.
Alternative frameworks are generalisations of the personal 
constructs developed by individuals to explain their 
observations. It is thus to be expected that thay would 
contain some aspects of the truth. The following
represents my attempt at an accurate description of the 
physics of the "man pushing car" situation:
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The movement 6f a car is opposed by frictional forces.
An applied force is necessary to overcome frictional 
forces.
As long as the applied force equals the frictional 
forces the car will continue moving at a constant 
velocity.
As soon as the applied force is removed, frictional 
forces will cause an acceleration in the opposite 
direction to the movement until the car stops.
The net result of these statements is that the car only 
continues to move while it is being pushed. There is 
little surprise that a young observer makes a direct rather 
than an indirect link between pushing and movement. This 
example also brings out a further important feature of 
alternative frameworks, namely that there is commonly a 
continuum between the framework and the accepted science 
concept. It is suggested that for a learner to progress 
along this continuum does not require any radical 
reorientation of his thinking. In the present example, he 
has only to consider the totality of the situation, 
including frictional forces, to achieve a view closer to 
that of the scientist.
Finally, alternative frameworks are often used as an analogy 
to the accepted concept. This is in accord with Driver and
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Easley's (1978) original interpretation when they say:
"... there are common features in children's 
alternate frameworks, some of which reflect 
analogies with historical views."
This analogical aspect of alternative frameworks makes the
interpretation of the evidence for them very difficult. If
for instance, our physicist says, "I'll have to push the car
to move it.", he is probably not demonstrating an
Aristotelian view of force and movement, but merely using a
convenient shorthand analogy. This shorthand analogy can
be a quick and economical way of conveying meaning provided
both parties are conversant with the implied conventions of
the conversation. The verbal expression of an alternative
framework may not, therefore, indicate a fully committed
belief but simply a desire to avoid pedantic verbosity.
Solomon (1983a) makes this point very clearly:
"our pupils ... must never ^ lose the ability to
communicate. It would indeed be a poor return
for our science lessons if they could no longer
comprehend remarks like 'wool is warm' or 'we are 
using up all our energy'. What we are asking 
from our pupils, then, is that they should be able
to think and operate in two different domains of
knowledge and be capable of distinguishing between 
them."
Alternative frameworks, then, are seen as generalisations of 
personal constructs reflecting views of a concept which have 
some merit and are sometimes used as analogies by people 
with a clear view of the true concept. Alternative
frameworks are helpful to the person who truly believes them
as a rational way of understanding the world. They are 
also seen as forming a continuum with the true concept 
rather than being separated by a large gap requiring a major
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realignment of viewpoint.
2.3 The Nature of Misconceptions
A misconception is seen as qualitatively different from an 
alternative framework. The crucial feature of a
misconception is a logical error in the view held; this 
feature distinguishes it from an alternative framework which 
forms a logical continuum with an aspect of the true 
concept. This distinction has not received wide acceptance
in the literature despite being clearly made in Driver and
Easley's (1978) paper:
"(The term misconception) tends to be used in 
studies where pupils have been exposed to formal 
models or theories, and have assimilated them
incorrectly. A distinction needs to be made 
between this sort of misunderstanding and the 
situation in which pupils have developed 
autonomous frameworks for conceptualising their 
experience of the physical world; these we will 
call 'alternative frameworks'."
I suggest that misconceptions can come about in one of two
ways:
i. Formal instruction is correctly interpreted but
wrongly applied.
ii. Formal instruction is incorrectly interpreted and 
then applied apparently correctly.
Two examples will illustrate these pathways:
Pathway i :
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Ethyne undergoes many reactions quite readily.
Hence: Ethyne is a highly reactive molecule.
Hence: The triple bond in ethyne stores a great deal of
energy.
In this pathway, the interpretation producing the 
generalisation in the second statement is correct, but it 
has been wrongly applied to produce an erroneous third 
statement.
Pathway ii:
Energy is the capacity to do work.
Hence: Energy is needed to do the work of holding atoms
together. ^
Hence: Chemical bonds store large amounts of energy.
In this pathway the need for work (to hold atoms together in 
molecules) is misinterpreted, leading to erroneous second 
and third statements.
Both of these pathways have a logical flaw either in the 
application of an idea or in the interpretation of the 
instruction. It is the presence of such a logical flaw 
which, I suggest, characterises a misconception and 
distinguishes it from an alternative framework.
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Driver and Easley (1978) make the point clearly:
"... pupils are relating new knowledge to existing 
knowledge and are making wrong connections."
The origins of misconceptions are similarly explained by
Osborne and Wittrock (19 83) in the section considering "the
situation in which childrens' views become less congruent
with scientists' views as a result of science teaching."
They suggest that:
"In the attempt to aquire what is considered by 
the learner to be appropriate sensory information 
from an experience and in the attempt to use 
information from long term memory to construct 
meaning from the incoming information often links 
are made to scientifically inappropriate aspects 
of memory store. ... In the attempt to subsume 
newly constructed meanings into memory store it is 
easy to make scientifically incorrect but 
perfectly logical inferences."
In other words, misconceptions, like alternative frameworks,
are personal constructions of meaning but are based on
misinterpreted instruction rather than on everyday
experience.
2.4 Some Possible Sources of Misconceptions
If a misconception is accepted as a misinterpretation of
instruction it is reasonable to consider how such
misinterpretations could come about. Individuals construct
a personal meaning about statements from a number of sources
including the words spoken, the context, their expectation
and previous knowledge (see e.g. Donaldson (1978) Chapter
8). Consider, for example, the statement:
Nobody was admitted to the match without a ticket 
purchased in advance.
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The context of the statement rules out the 'box of matches' 
interpretation of the word 'match'. Our expectation 
eliminates people such as the referee, the players and the 
police from the ambit of the statement and we take it to 
refer solely to spectators. This is all very well in a 
familiar situation, but science students are learning 
science unfamiliar to them. They do not, therefore, have 
the advantage of a familiar context or of an expectation to 
help the interpretation of new information; they must rely 
on the words alone. The following are an attempt to 
suggest some of the areas in which misconceptions could 
arise. It must be emphasised that the points put forward 
are speculative and are offered simply as possible sources 
of misconceptions. Not all of them may be found in 
practice. Some may be discovered which are not included in 
the following sections.
2.4.1 Confusion of Two Concepts
Many teachers will recognise the confusion of thermodynamic 
and kinetic explanations of chemical phenomena, the
confusion of a fast reaction with a spontaneous reaction or 
the labelling of a reactive substance as unstable. These 
are examples of links being made in students' minds between 
two concepts which should, for many purposes, be kept
distinct. Misconceptions can easily arise if such
distinctions are not maintained.
2.4.2 Intensive and Extensive Properties
If we mix 20 cm 3  of water at 20°C with a further 20 cm 3  of 
water at 20°C, we obtain 40 cm 3  of water, weighing close to
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40 g, but still at 20°C. Volume and mass are extensive 
properties, whose value depends on the extent of the system; 
temperature is an intensive property. This is no problem 
if we are familiar with the concepts, but for a newly met 
idea, the basic rules of manipulation are unknown. What is 
a student to make of magnetic susceptibility, fugacity or 
electrode potential on first aquaintance?
Intensive and extensive properties also commonly occur in 
related pairs e.g.
Intensive Extensive
pressure force
temperature energy
concentration amount
density mass
A student unfamiliar with a topic area may well not have a 
fully differentiated idea of, say, pressure and force. 
Later on, he may be unsure of which to apply to a particular 
situation. Again, familiarity will probably ease the 
difficulty but while concepts are still unfamiliar this 
could be a source of confusion and lead to the formation of 
inappropriate mental links.
2.4.3 Relative Quantities
If two cars are travelling in the same direction at 30 and 
46 mph, the speed of one relative to the other is 16 mph. 
The mass of oxygen relative to hydrogen is 16. In the
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first of these examples the word 'relative' meant 'subtract'
in the second it meant 'divide'. What is a student to make
of the statement: "...the relative activity of each of the
-5
ions in solution is 1.6 x 10 ? The word 'relative' is a
common one in discussions of the quantification of science 
concepts but its meaning is not always clear. In one 
15-page passage of an undergraduate textbook, I found the 
word used 11 times. Of these, four meant 'divide1, three 
meant 'subtract' and in the other four cases the word was 
used in a qualitative or undefined sense. Many chemical 
quantities are measured, not on an absolute scale, but by 
reference to an agreed standard. Examples of these are: 
relative lowering of vapour pressure 
relative atomic (or molecular) mass 
E relative to standard hydrogen electrode 
activity relative to a standard state 
chemical shift
If the arithmetic relationship between the measured quantity 
and the standard is uncertain, or even ambiguous, it is 
again likely that erroneous connections could arise in a 
student's mind.
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2.4.4 'Difference' Concepts
Consider the simple concept of length. Two lengths can be 
added together, one can be subtracted from another, or they 
can be multiplied together to give an area. We cannot, 
however, have a negative length. Two times, on the other 
hand, cannot be meaningfully multiplied? they can be added, 
and possibly subtracted. The question of negative time is 
arguable? is 50 BC equivalent to minus fifty years? 
Turning to the concept of energy, the energy content of 
systems can be added or subtracted but it is also true that 
energies, at least in chemists' terms, can be negative. 
This comes about because energies are measured relative 
(relative means subtract!) to an arbitrarily defined zero. 
In atomic systems this zero is the separated electrons and 
nucleus at rest? the combined atomic system then has a lower 
energy than the standard and hence is ascribed a negative 
energy.
The point to be drawn from these examples is that for a 
number of simple familiar concepts the allowable rules of 
algebraic manipulation all differ. A student meeting an 
unfamiliar concept for the first time will not know the 
allowable manipulations and may well, therefore, construct 
erroneous meanings or make inappropriate links to existing 
knowledge.
2.4.5 Bulk, Molecular and Reaction Quantities 
Concepts such as temperature, equilibrium constant and 
boiling point only have a meaning if applied to matter in 
bulk. Other concepts, like bond energy or
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electronegativity, reter t o  atomic or muiecmai. 
while concepts such as rate constant or enthalpy change 
refer to a chemical reaction. Students seeking
explanations of chemical observations in an inappropriate 
area could well risk forming confused mental links.
2.4.6 The Role of Theory and Experiment
Students can sometimes be seen to make statements such as, 
"theoretical melting point = 57°C" or "bond angle should be 
109° 28' but is found to be 104°". Such statements often 
carry a strong implication that the theory is right and 
chemical systems ought to conform to chemical theory. Text 
books can sometimes encourage this kind of confusion with 
statements such as "the bond is shortened by 7T-bonding" or 
"the boiling point is raised by hydrogen bonding". Such 
statements imply that the unaffected quantity can be 
measured and they could well lead to the formation of 
inappropriate links in a student's mind. Similar links are 
easily generated by the inappropriate use of ideas like the 
inert pair effect. The fact that many heavier main group 
elements (e.g. Pb, Bi, Te) do not always use their pair of 
outer s-electrons in chemical bonding is summarised in the 
term 'inert pair effect*. It is a short step for students 
to raise the status of this term and suggest that "Lead 
forms a 2 + ion because of the inert pair effect".
In all these examples there is a confusion of the role of 
theory and experiment. Certain observations and
measurements can be made and form the factual core of the 
subject. Theories are advanced to account for these
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observations but the roles of theory and experiment, tne 
status of cause and effect laws and the use of shorthand 
terms to summarise a number of observations can easily cause 
confusing connections to be made.
2.4.7 Lack of Ancillary or Basic Knowledge
There are many areas in which teachers may wrongly assume 
certain prior knowledge on the part of students. The 
absence of this prior knowledge could then be the basis of 
misconceptions. Many possible examples could be quoted but 
the following will serve to make the point clear:
i. Basic Geometry
The meaning of terms such as 'plane', 'corner' or 'edge' are 
commonly assumed in the teaching of crystal structure. 
Basic ideas of symmetry and the equivalence of different 
sites may be assumed in the teaching of isomerism and many 
students may have a poorer three-dimensional sense than 
their teachers assume.
ii. Basic Chemical Conventions
Many conventions are used by practising chemists to express 
chemical formulae. Students may well be less familiar than 
is necessary with some of these. Phenol, for example, may 
be represented in at least three ways:
OH
PhOH
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and both amides and esters look very different with the 
chemical bonds explicitly drawn:
ch 3 conhch 3 ch 3 -c-n-ch 3
0 H
CH_COOC_H_ I
3 2 5 CH,-C-0-CoH c
Z D
iii. Basic Mathematics
There are many areas which could come under this heading 
(Elton (1980)). Temperatures of 50°C and 80°C, for 
instance, are not in the ratio 5:8 because of the arbitrary 
choice of zero on the Celcius scale. Many chemical ideas 
rely on an intuitive understanding of probability, for 
example, partial rate factors, isomer ratios in aromatic 
substitution, and racemic mixtures. Many physico-chemical 
relationships are logarithmic or follow some other algebraic 
or trigonometric relationship. Students unfamiliar with 
these functions could well draw erroneous conclusions about 
the nature of relationships between quantities.
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CHAPTER 3
Teaching and Research Implications of the Social 
Constructivist Model of Concepts
3.1 Some Teaching Implications: A Case Study
Carr (1984) discusses students' confusion in the 
understanding of the subject of acids and bases. He 
attributes this confusion to the existance of Arrhenius 
(proton donor) and Bronsted-Lowry (conjugate acid-base 
pairs) models of acids and bases and suggests that students 
who hold one conceptual view are unable to change to the 
other when circumstances require. Carr surveys a number of 
textbooks and demonstrates convincingly that they switch 
between their implicit models of acids and bases without 
clearly signalling the precise model being used. Finally 
he reports the results obtained from an examination question 
answered very poorly because students attempted to use an 
inappropriate model. ,
I hope to show here that a consideration of the fundamental 
question discussed in Chapter 1 (section 1.4.1) can be 
helpful in this area. In that section it was suggested 
that science concepts are socially agreed constructs of 
practising scientists and are produced to fulfill a need. 
It is further maintained here that teaching would be 
improved if that need, i.e. the reason for the existance of 
the concept, was explicitly considered beforehand.
The idea of acidity and basicity has developed from the
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Arrhenius view to three other main approaches, namely the 
Lowry-Bronsted, Lewis and Solvent System, definitions. The 
reason for this multiplicity of views is simply that while 
most chemists would agree about examples of acids and bases, 
the ideas are very difficult to tie down in words. All the 
definitions, therefore, are attempts to describe verbally 
the same phenomenon.
It is a well known fact that students do not like a
multitude of definitions. Faced with such variety they 
prefer a clear compartment into which to fit the item of 
knowledge and tend to say, "Which one is right?". There 
is, of course, no answer to this question but a fuller 
understanding of the topic can be given by emphasising early 
in teaching the reason for the existance of the concept. 
In this case it exists to try to classify the similarities 
between apparently diverse substances and to model a number 
of phenomena with some points in- common. As such, if a 
substance falls within one of the definitions, it is an 
acid. If it fails to be caught by an alternative
definition that is a flaw in the attempt at verbalising the 
idea, not an indication that the substance is not an acid. 
The definitions are no more than attempts to define in
restricting words an idea that is not at all easy to
capture. Students, therefore, must be taught a degree of 
flexibility in switching from one definition (or model) to 
another in the same way that Solomon (1983a) hopes pupils 
will become able to switch from the everyday use of terms to 
their scientific use.
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For the concept of acid, the present author has used a 
teaching approach based on these considerations. The 
teaching starts with an explanation of the need for the 
concept. The existance of several definitions is then 
explained and their limitations outlined. Finally, a 
number of examples are placed in appropriate regions of a 
Venn (Euler) diagram (Leisten (1969)) as shown in Figure 
3.1. This shows how different definitions manage to 
capture different examples of the concept. this last 
tutorial exercise is found to be enormously valuable, often 
generating considerable discussion about whether a 
particular definition applies (e.g. Is H+ a proton donor?
+ 4- +
What about H 3 O , H 9 O 4 or H (aq)?). This discussion does 
a great deal to clarify students' minds about the nature of 
acids and bases and to emphasise the limitations of the 
various definitions. Emphasis is laid throughout on the 
fact that classification as an acid requires inclusion 
within any one or more of the definitions. This approach 
derives directly from'the social constructivist model of the 
concept of an acid and contrasts with the approach suggested 
by Carr (1984) who sees the different definitions as 
historical developments to be passed through on the way to 
the most modern idea.
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LN0C1
H (aq)BC1 NaH
NH
HC1
-L
Figure 3.1: Examples of aqueous acids and bases falling
within different definitions (bases are 
underlined)..
Key: L - Lewis definition
B-L - Bronsted-Lowry definition 
S.S. - Solvent system definition
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3.2 Some Research Implications: A Case Study
In this section I shall consider in some detail four
research papers examining students' understanding of science 
concepts. These have been chosen because two specifically 
address the question of the reasons for the existance of the 
concepts and two do not. I am not judging the quality of 
the papers on this criterion. Rather I hope to illustrate 
that only those projects which consciously seek whether or 
not students understand certain aspects of concepts can hope 
to probe those aspects for which the concept was invented.
Bliss and Ogborn (1985) studied the question of whether or
not 13-year old girls thought energy was needed or was being 
used (sic) in various situations. The situations were 
presented in the form of pictures of e.g. a footballer, a 
statue or a train. The results were analysed using Watts'
(1983) frameworks. Bliss and Ogborn note that the nature
of the questionnaire used ‘ constra'ined the use of some of 
Watts' frameworks. More importantly, it appears to
eliminate entirely the possibility of an energy concept 
congruent with that of a physicist, namely an abstract 
conserved physical quantity (Warren (1982)).
Lynch and Dick (1980) studied the ability of high-IQ 
Tasmanian high school pupils to recognise concept 
definitions. The high-IQ testees showed "very erratic 
changes in performance with grade" in contrast to the smooth 
improvement shown by the control group. The reason for the 
existance of science concepts appears to have little or 
nothing to do with the ability of students to recognise
60
definitions and indeed the authors themselves remark that, 
"The implications of these particular results are not 
immediately clear".
Whitaker (19 83) investigated students' understanding of 
trajectory motion and discussed the results in terms of the 
relationship between force, motion and acceleration. 
Concepts in dynamics were clearly developed in order to be 
able to describe and predict phenomena such as trajectory 
motion. Investigating students' views by using trajectory 
problems as a vehicle clearly recognises (implicitly or 
explicitly) one of the purposes of the concepts. The 
result is a piece of research clearly related to a teaching 
problem and, indeed, Whitaker goes on to describe the use of 
his questionnaire in introductory dynamics teaching.
Cohen, Eylon and Ganiel (1983) investigated students' 
concepts of potential difference and current in simple 
electric circuits. These concepts evolved in order to 
explain current - voltage - resistance relationships, to 
account for observed heating effects, the properties of 
network circuits, etc. Cohen et al set out to study 
qualitatively their students' understanding of the 
functional relationships between the variables in such 
circuits. This objective is closely related to the raison 
d' etre of the concepts studied. The result is again a 
project which gives some clear pointers towards teaching 
problems in this area.
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These four papers, chosen from many possible examples, 
support the contention that a research.project recognising 
the real purpose for which science concepts were constructed 
is more likely to lead to conclusions which can be of direct 
use in science teaching. It could, of course, be argued 
that they simply support the self-evident contention that 
research only finds what it seeks. Nevertheless there are 
many papers in the literature whose direct applicability is 
by no means obvious. It does appear logical that the 
applicability of concept research is related to the aspects 
of understanding which students are expected to show. 
These aspects of understanding, in their turn, are related 
to the purpose of the concept. The social constructivist 
model of the nature of concepts therefore provides a 
powerful tool to help educational research design in this 
area.
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CHAPTER 4
The Concept of Energy
4.1 Introduction
Energy is a familiar word in everyday parlance. People 
sometimes feel full of energy and at other times drained of 
energy. Industries have energy needs and energy costs. 
We are urged to conserve energy and even have a Secretary of 
State to look after it. All these examples come within 
what Warren (1982) calls the 'materialist' view in which 
energy is a tangible substance which flows from place to 
place, can be purchased as a commodity, and is generated in 
power stations. In marked contrast to this materialist 
view is the 'conceptualist' view (Warren (1982)) in which 
energy is an abstract idea defined as the capacity to do 
work, whose importance lies in the fact that it is by nature 
a rigorously conserved quantity. This chapter analyses the 
concept of energy from the 'conceptualist' point of view and 
proposes some areas of research related to chemical 
education. No attempt is made to cover the materialist 
view of energy despite the substantial volume of literature 
on the subject simply because the quantity discussed within 
that view is not what a scientist would regard as energy.
The concept of energy has been chosen as the basis for a 
study of concept understanding among undergraduate students 
for three reasons:
a. Energy is important over a wide range of chemistry
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topics such as atomic theory, nuclear redULiuns, 
chemical bonding, reaction rates, equilibrium etc.
b. Very little previous work has been reported on 
concept understanding among chemistry undergraduates so 
a broad-ranging topic such as energy would serve as a 
convenient unifying theme within which to discuss the 
range of topic areas outlined above.
c. Many confusing and mutually contradictory 
statements about energy are to be found in print. 
These come about as a result of confusion between the 
materialist and conceptualist views described above. 
As an example the idea of energy as a conserved 
quantity contrasts strongly with the advertising 
leaflet for a book stating, "...the problems of energy 
conservation in terms of future energy needs...". 
Perhaps the worst of these contradictions comes in a 
physics syllabus (Royal Society & Institute of Physics
(1984)) which includes, "Law of conservation of energy. 
The energy crisis in relation to ... energy saving". 
Solomon (1983a) has discussed the educational 
implications of the dual view of energy and has shown 
how pupils can move, with varying facility, from one 
view to the other.
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4.2 The Nature of Energy
4.2.1 The Physicistfs View
The true physics view of energy is that of an abstract 
conserved quantity indicating the potential ability of 
a system to do work. The teaching of the concept has 
been the subject of much correspondence and many 
articles in the educational literature. Perhaps the 
'softest' published view is that of Schmid (19 82) who 
regards energy as something "for which we have an 
immediate and direct feel ... what our electricity 
meter at home measures ... something like money ... we 
know when we have got it or when we have run out of 
it...". He regards energy as something to be carried 
by carriers as diverse as a bicycle chain, blood or 
light. This view is roundly condemned by Warren 
(1983) who always maintains a rigorous physicist's view 
of the subject (Warren (1976, 1982)) and considers that 
the topic should be excluded from elementary teaching 
and only taught in more advanced courses via the 
concept of work (Warren (1982)). Intermediate views 
are held by Sexl (1981) and Duit (1981, 1984). Watts 
(1982) identifies four aspects of the topic as 
important to physics:
i. Energy is an abstract quantity.
ii. Energy can be transferred from one system to 
another or transformed into different forms.
iii. Energy is conserved when transfer occurs.
iv. Energy can have different degrees of usefulness 
depending on the entropy of the system.
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Duit (1984) gives an almost identical analysis but separates 
energy transfer (between systems) from energy transformation 
(between forms). Within the physicist's view of the term 
'energy' the measure of the energy of a body is its mass 
(Einstein (1905), quoted by Warren (1976)). This measure 
is not a particularly useful one since most experiments are 
concerned with relatively small energy transfers in which 
the mass difference is immeasurably small. We therefore 
conclude that only energy transfers and not absolute energy 
values can be experimentally measured.
4.2.2 The Chemist's View
"The concepts of force, pressure and energy occur 
throughout chemistry".
(Atkins (1982), p. 23)
Chemists mostly choose to ignore mass as a measure of energy
unless considering nuclear reactions. The rationale for
this is explained by Moore (1956):
"The change in mass theoretically associated with 
the energy changes in chemical reactions are so 
small that they lie just outside the range of our 
present methods of measurement."
This is still true today; an energy change of 500 kJ
-9
corresponds to a mass difference of 5.5 x 10 g, compared
-4
to the relative atomic mass difference of about 1 0  
detectable by a double focussing mass spectrometer 
(Christian and O'Reilly (1986)).
Chemists give great emphasis to the different forms of 
energy such as thermal energy, bond energy, electronic
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energy level, vibrational energy, etc. Again energy
transfer is a vital part of the subject and (ignoring mass 
and zero-point energy) a system will only have zero energy 
at the absolute zero of temperature. Thus, energy change 
and not energy value is the commonly measured quantity and
chemists are frequently concerned with the energy changes
associated with a change in a chemical system. The
rigorous views held by Warren are not always apparent in 
chemistry texts; in particular, they do not always
distinguish rigorously between the quantity, energy, and the 
processes, heat and work, by means of which it is
transferred, e.g.
"When a system changes from one state to another 
it may lose or gain energy as heat and work."
(Glasstone (1946), p. 187)
"If U is negative we say that the system loses
energy and that this energy is dissipated in heat
that is evolved and work that is done by the
system." ■ - -
(Alberty and Daniels (1979))
"Heat and work simply represent modes of transfer 
of energy from one system to another."
(Eggers et al (1964))
"We have to spend a little time on sharpening the 
everyday meaning of (work, heat and energy) ... 
When we do work on an otherwise isolated system 
its capacity to do work is increased, and so its 
energy has been increased. When the system does 
work its energy is reduced because it is then 
capable of doing less work."
(Atkins (1982), p. 53)
The views of Atkins and of Eggers et al seem most in accord
with the strict views of physics although it must be pointed 
out that both statements were in connection with the First 
Law of Thermodynamics where clear precise definitions are of
67
the utmost importance in developing the topic. Outside the 
thermodynamics area, Atkins seems to slip into a slightly 
looser interpretation of energy, referring to "sufficiently 
energetic collisions" (p. 937) in the context of reaction
kinetics and to "More energy is expected to be present 
at high temperatures... " (p. 389) in the context of black 
body radiation.
There is thus a range of use of the energy concept within 
the scientific community and most chemists would assert that 
the value of a concept lies in its usefulness in 
understanding chemical changes and chemical structures. It 
is less helpful to adhere to a strict quantitative 
definition in circumstances which are frequently not 
amenable to fully quantitative experiments.
4.3 Attributes and Alternative Frameworks of Energy 
It was suggested earlier that students' alternative 
frameworks reflect some of the attributes of the scientists' 
concept. I will therefore discuss the attributes and 
alternative frameworks of energy together to indicate this 
relationship. In doing so, I will attempt to indicate 
those features which distinguish the alternative framework 
from the attribute of the concept in order to facilitate the 
classification of particular statements containing aspects 
of the accepted concept. I do not propose to discuss 
misconceptions here for two reasons. Misconceptions, being 
characterised by a logical flaw in an argument, or the 
making of erroneous links to existing knowledge, are likely
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to be highly context-dependent. Also little work has been 
done on misconceptions related to energy in a chemical
context. Alternative frameworks of energy, by contrast, 
have been extensively studied by Watts (19 83) and I shall
draw heavily on his work in this analysis.
For the purposes of chemists it is convenient to expand
Watts1 (1982) four attributes of energy to seven. This
apparently alarming increase is achieved by splitting the 
two ideas inherent in Watts' second attribute (transferred 
and transformed), adding the definition of energy as the
capacity to do work and adding a final attribute, of value
to chemists, that energy is conveniently measured relative 
to some arbitrary standard and not on an absolute scale. 
The seven attributes of energy then become:
i. Energy is the capacity to do work
ii. Energy is an abstract physical quantity
iii. Energy can be transferred from one system to
another
iv. Energy can be transformed from one form to
another
v. Energy can have different degrees of usefulness
depending on the entropy of the system
vi. Energy is a conserved quantity
vii. Energy is commonly measured relative to an
arbitrary standard and not on an absolute scale
The seven alternative frameworks to be discussed are those
of Watts (1983). The fact that there are seven attributes
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and seven frameworks is purely coincidental. I hope to 
show a relationship between some attributes and some 
frameworks and also to identify distinguishing features of 
the alternative frameworks. There is, however, no
suggestion of a one to one correspondence. The 
relationships identified may not be the only ones possible. 
Some frameworks may contain aspects of more than one
attribute and a different set of relationships could
possibly be argued. Consider, for example, the framework:
"Energy is a product of a reaction"
This framework, depending slightly on context, could reflect 
the fact that energy can be transferred from one system to 
another; alternatively it could reflect the fact that the 
quantity of energy in a system can change. The
relationships identified, however, will serve to illustrate 
the point made earlier that alternative frameworks are ideas 
of some merit which do have a relationship to attributes of 
a concept.
4.3.1 The Capacity to do Work
(The functional and human-centred frameworks)
This is commonly taken as the definition of energy. Energy 
must not, however, be confused with work; as Warren (19 82) 
states:
"Energy is a quantitative measure of the condition 
of a system while work is a process. Energy may 
be transformed or transmitted (or both) by means 
of work but cannot be transformed into work."
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Atkins (19 82) makes the same point (p. 76) in describing 
energy as a state function and work as a path function. 
His statement of the relationship between energy and work 
has already been quoted.
This attribute of energy is clearly the basis of the 
functional framework described by Watts (19 83) in which he 
quotes a young interviewee as saying:
"(energy is) something that can do something for 
us ... say like gas or something ... energy has 
got to make something else work ... like if it was 
electrical it would make something like that tape 
recorder work."
This quote clearly shows a poor differentiation between 
energy and work and it also implies that the energy itself 
does the work rather than the system being enabled to do the 
work by virtue of the energy it possesses. There is, 
however, relatively little reorientation needed to achieve a 
reasonable view of the same idea such as that expressed by 
Feynmann et al (1963):
" (Provided) that it has not received the energy to 
lift that weight from some external source."
The human centred framework also has some merits in terms of
the capacity to do work. Another of Watts' (1983)
interviewees states:
"The person's got a lot of energy in that one ... 
he can push (the box) the whole way up to the top 
of the hill."
Again, the idea of the capacity to do work is being 
expressed, although the rest of the quote fails to indicate
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any transfer of energy to the box by the process of doing 
work on it:
"... once the box is there it can't do anything so 
the box definitely hasn't got any energy."
The main feature, then, to distinguish an alternative
framework from this attribute of energy is that in the
scientists' concept it is the system, not the energy, which
does the work and that doing work results in a transfer of
energy from one system to another.
4.3.2 An Abstract Physical Quantity 
(The depository and ingredient frameworks)
Energy, undoubtedly, is a physical quantity (Royal Society 
(1971)) and as such a system can be endowed with a 
measurable amount of it. It is, however, an abstract idea, 
not a tangible visible thing like length or volume. As 
Feynmann et al (1963) express it:
"It is important to realize that ... we have no 
knowledge of what energy is. We do not have a 
picture that energy comes in little blobs of a 
definite amount. It is not that way."
The idea of a physical quantity is clearly related to Watts'
depository framework in which he describes energy as a
"causal agent, a source of activity based or stored within
certain objects." The depository framework, however, seems
to consider only that part of the energy which is available
to do work, e.g.
"... well, you have to have energy and store it 
... and then use it up ..."
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The ingredient framework identified by Watts is rather 
similar. In this view, energy is a "dormant ingredient 
within objects ... that needs some 'trigger' to release it." 
Again, the idea of the availability or usefulness of the 
energy seems to be an important feature of the alternative 
framework:
"its like a seed, its got energy inside it to grow
but it needs the sun ..."
The feature of possession of energy is not sufficient to 
establish either of these frameworks. Possession may 
establish a true idea of a physical quantity (e.g. the table 
has a length of 2 metres). The two frameworks discussed 
here are distinguished from the accepted attribute by the 
features of the availability, usefulness and rechargeability 
of the energy.
4.3.3 Transferrable from One System-to Another 
(The fluid flow and product frameworks)
The energy of a system can be changed by either or both of 
the processes of heating or doing work. It is tempting, in 
the light of this statement, to discuss heat and work as if 
they were tangible substances or fluids capable of transfer 
from one place to another. They are, in fact, processes by 
which energy is transferred but again energy is not a fluid 
moved around by the processes but a description of the 
physical state of the system. All this tends to make 
precise statements extremely difficult and even tortuous and 
many authors seem to relax into a fluid flow analogy at some
73
point:
"Heat and work are equivalent ways of changing 
(the system's) energy ... The system is like a 
bank: it accepts deposits through its walls in
either currency, but stores its reserves as
energy."
(Atkins (1982), p. 54)
"sometimes some (energy) leaves the system and 
goes away, and sometimes some comes in."
(Feynmann et al (1963))
To distinguish the process of heating from the quantity,
energy, Summers (1983) suggests the elimination of the noun
'heat' and the use only of the the word 'heating'.
The fluid flow famework treats the energy itself as flowing 
from one body to another (Watts (1983)):
"... the energy comes out from both leads ... 
encountering the light bulb on the way ..."
The product framework is similar in, that energy, as a
tangible substance, -is produced (commonly in a chemical
reaction) and flows out of the system. Frequently, in this
framework, energy and heat are not distinguished.
The features of the transferrability attribute which 
distinguish it from the alternative frameworks here are that 
energy is a state function whereas heating and doing work 
are processes. The processes allow the energy of one 
system to go down while the energy of another goes up. 
Again the shift of conception is not a dramatic one for a 
student capable of thinking in abstract terms, but the 
precise expression of two or more abstract ideas is by no
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means easy.
4.3.4 Transformable from One Form to Another 
(The ostensive framework)
Energy in a system can be manifest in many different ways, 
as a high temperature, as movement, as an increase in height 
etc. Energy in one form can be transformed to energy in 
another form although the transformation may not always be 
complete. Thus a pendulum at the top of its swing has a 
certain amount of potential energy by virtue of its position 
in a gravitational field. At the bottom of its swing, this 
potential energy has been transformed into kinetic energy of 
its movement.
Feynmann et al (1963) state:
"... energy can have a large number of different 
forms and there is a formula for each one. These
are: gravitational energy, heat energy, elastic
energy, electrical energy ..."
The two most familiar forms of energy met early in school
science courses are kinetic energy and potential energy.
Their interconversion in the case of a falling body makes an
easy example of energy transformation, and it is an easy
matter for a child to equate kinetic energy with the
movement itself and begin to think in an ostensive
framework. In this framework the activity itself is the
actual energy (Watts (1983)) rather than being a
manifestation of it. The distinction between the framework
and the true conception related to it is an. easy one to
perceive and, again, the development of the true concept
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requires a relatively small realignment of ideas.
4.3.5 Of Different Degrees of Usefulness
Energy available at a high temperature is more useful than 
energy available at a low temperature. This is 
reflected in the Second Law of Thermodynamics which 
expresses the fact that energy can be transferred by heating 
a cold body with a hot one but not vice versa. This is an 
important principle, but one which does not seem to be 
expressed or implied in any of the frameworks identified by 
Watts (1983) although Schlichting (1979) suggests that the
alternative framework of energy consumption represents an 
attempt to describe the devaluation of energy by entropy 
increase. Schlichting suggests this as a route to the 
teaching of entropy. Solomon (1982) makes a similar 
suggestion in her idea that change involves "running down 
towards sameness". The idea is -essentially one of a 
density or intensity of energy in which energy at a high 
intensity will be useable and will, while work is being
done, run down towards a low intensity in which it cannot be
utilised.
4.3.6 A Conserved Quantity
The conservation of energy is a fundamental principle of 
science. Nevertheless we are urged, in everyday life, to
practise 'energy conservation', and to 'save it'. The 
different degrees of usefulness of energy at different 
temperatures also serve to obscure the essential fact of
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conservation. This most fundamental attribute, therefore, 
is not one which is kept in people's minds by everyday 
experience so it is hardly surprising that there is no 
alternative framework which seems to mimic conservation. 
Many young science students, however, seem able to recite 
the adage "energy can neither be created nor destroyed" but 
mere recitation is not sufficient to demonstrate 
understanding, much less belief, and the true indication of 
an appreciation of this attribute would only come from the 
spontaneous use of it to solve a problem or support an 
argument. Feynmann et al (19 63) present a number of such 
arguments but, despite the existence of many excellent 
experiments demonstrating conservation (Watson (1979) , Mace 
(1981)), children seldom use it as a problem solving tool 
(Brook and Driver (1984)).
4.3.7 Measured Relative to a Standard
This final attribute has been included because it is an 
important one for chemists. Unfortunately, it has some 
consequences which are not easily reconciled with other 
attributes of energy; it is possible, therefore, that some 
learning difficulties in chemistry may stem from this area. 
Chemists are commonly concerned with energy differences and 
energy transfers not with absolute energy values. They 
therefore set arbitrary origins from which to measure 
energy. For a hydrogen atom, for instance, this origin (of 
zero energy) is the separated electron and proton at rest.
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The moving electron then has positive energy relative to the 
standard while the proton and electron combined in the atom 
have a negative energy, i.e. less than the arbitrarily 
defined zero. The notion of negative energy is not an easy 
one to accept, especially in conjunction with the idea of 
energy as the capacity to do work or the functional 
framework of energy. It is, however, really only an 
extension of the idea of energy as a physical quantity in 
which we are saying that one system has less energy than 
another which is taken as the standard.
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4.4 The Purpose of Energy
Warren (1982) sees the importance of energy as lying in the 
fact of its conservation. On the social constructivist 
model discussed in Chapter 1, this would be the reason for 
the invention of the concept of energy by the scientific 
community (see, e.g. Singer (1959), Elkana (1974)). Many 
problems can be solved by applying the principle of energy 
conservation to changes (Feynmann et al (1963)) and a number 
of processes can be understood on the same basis.
Within the subject of chemistry a number of areas can be 
identified in which energy and energy change are important 
(Glasstone (1946)). These can be summarised as thermal 
energy, chemical bond energy, surface energy and electrical 
energy. To this list can be added nuclear energy and 
quantised electronic energy. Energy is thus a topic which 
impinges on many areas of chemistry as a problem solving 
concept and as a model to explain observed phenomena. It 
should, therefore, be a convenient unifying theme within 
which to conduct research into concept understanding among 
chemistry students.
4.5 Implications and Research Questions
Within the analysis of the importance of energy to chemistry 
discussed above, there are two areas, namely surface energy 
and electrical energy, which may well be too specialised for 
a study of undergraduates' everyday understanding. It is 
unlikely that many students would be able to answer 
questions in these areas without specific revision 
beforehand. A final list of areas to be probed in the
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present research could therefore be:
Thermal energy 
Chemical bond energy 
Nuclear energy 
Electronic energy in atoms
An interesting feature to emerge from the present analysis 
of the concept of energy is the number of links between 
alternative frameworks and various attributes of the 
concept. It is possible to hypothesise from these links 
that alternative frameworks are an essential step in concept 
aquisition. On this hypothesis, the true concept, if it is 
to have personal meaning, will be reached by a progressive 
refining of the immature constructs originally formed to 
make sense of the world. The concept of energy is a good 
vehicle with which to test this hypothesis since three of 
its attributes do not have links with alternative 
frameworks. These - three attributes (different degrees of 
usefulness, conservation and measurement relative to a 
standard) are not encountered in everyday life, at least not 
in the usual use of the term energy. It would be
interesting, therefore, to see if these attributes are
appreciated by students or raised by them in explanation of
observed phenomena.
4.5.1 Research questions
The discussion in the preceding sections leads to the
following questions as the guiding framework for the present 
research:
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l.a. To what extent do undergraduate students
verbalise alternative frameworks of energy, either 
those identified previously or others?
l.b. Do students1 responses to interview situations 
indicate a view of energy closer to the accepted 
concept than that identified for younger students?
1.e. How strongly do undergraduates hold a view 
unrelated to the accepted concept of energy?
2. To what extent do statements indicate that the 
alternative frameworks expressed by undergraduates are:
a. reflections of their true belief;
b. used as analogies to the accepted science 
concept;
c. the student's best effort at verbalising the 
accepted concept? . .
3. To what extent do undergraduates make use of the 
attributes of energy which are:
a. related
b. unrelated
to commonly expressed alternative frameworks?
4.a. Are there any clear misconceptions identifiable 
in undergraduates1 understanding of the areas of 
chemistry discussed?
4.b. If so, can reasons for these misconceptions be
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identified?
4.c. Are these reasons examples of broader categories 
which could help understand the difficulties of 
learning science concepts?
5. What implications for teaching arise from the
answers to the previous questions?
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CHAPTER 5
Data Collection
5.1 Choice of Data Collection Method
The object of this research study was to answer, as fully as
possible, the questions posed at the end of Chapter 4. 
These are open-ended questions likely to be answered only by 
an open-ended approach, by gathering as much data as 
possible on students' views within the chosen theme of the 
study and sifting those data for answers to the questions. 
The nature of the questions makes it extremely unlikely that
they could be answered by setting up research hypotheses and
testing these by statistically-designed experiments. Such 
an approach would seek support for, or refutation of, 
pre-determined hypotheses which could easily fail to
encompass many of the aspects of students' views which might
1
emerge from a more open-ended approach.
This analysis is supported by the increasing degree of 
interest and attention devoted to non-statistical approaches 
to educational research design, particularly over the last 
ten years. Power (19 76) reviewed the paradigms adopted by 
research workers and argued the merits of the ethnographic 
and philosophical approaches as well as the statistical 
(termed the agricultural-scientific) method. He argued 
that since science education is an immature science, no 
single paradigm should be adopted as the only one for 
research in this area. Power concluded that the uncritical 
adoption of the agricultural-scientific paradigm led to a
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model of science education research that imperfectly fitted 
reality. Two years later Carver (1978) published his 'case 
against statistical significance testing1. He examined 
critically the meaning of statistical significance and 
concluded that the adjective significant, in the statistical 
sense, should be regarded as derogatory rather than 
complimentary. What should be aimed for in educational 
research is educational, not statistical, significance. 
The growing volume of literature on educational research 
methodology has been reviewed by Elton and Laurillard 
(1979), Ford (1980), Guba and Lincoln (1982, 1983) and 
Gilbert and Watts (1983). Elton and Laurillard criticise 
the psychometric approach as being prescriptive and not 
allowing the emergence of unexpected outcomes. Ford
comments, somewhat glibly, that the psychometric approach 
can provide highly reliable answers to highly meaningless 
questions while a qualitative approach can supply meaningful 
questions with highly unreliable answers. He argues for a 
balance between 'objective' and 'intuitive' evidence. 
Gilbert and Watts see the quantitative approach as seeking 
laws of cause and effect, a reductionist approach looking at 
the influence of one variable on another. The qualitative 
approach, by contrast, is seen to be holistic, a study of 
the interactions and relationships in the complete system. 
Guba and Lincoln argue that the qualitative paradigm can be 
made as rigorous as the statistical approach if the aims of 
each are compared. Thus the reproducibility and
reliability of the quantitative approach should be matched 
by the dependability of qualitative data. The objectivity 
of the statistical approach should be matched by a
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confirmability in qualitative data and the validity of the 
quantitative approach should be reflected in the credibility 
of qualitative data.
The open-ended questions forming the basis of the present 
project indicate that a qualitative, descriptive approach 
might be appropriate. The reviews cited also provide 
further pointers towards this conclusion.
5.2 Qualitative Techniques Available
Sutton (19 80) has reviewed methods for probing the 
organisation of a learner's prior knowledge. Although the 
conclusions of his review are aimed at the classroom 
teacher, the discussions of individual methods are highly 
relevant to research. Sutton sees the clinical interview, 
a conversation with one person based on the stimulus of some 
material or phenomenon on the table, as a powerful method 
but a time-consuming one. The interview should start with 
open questions and the acceptance of all answers, and should 
proceed in the direction controlled by the interviewee. 
Later on the interviewer should probe more specifically to 
seek elaboration of earlier answers and to encourage the 
interviewee to give reasons for drawing inferences. Sutton 
goes on to discuss other techniques. Word association 
tasks have the attraction of being potentially quantitative 
but they seldom allow the respondent to show why two words 
are associated. Writing or selecting a definition is 
regarded by Sutton as a good way to indicate how a person's 
view of a concept matures with time. It is not, however, 
seen as an appropriate approach to the present study which
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seeks answers to a wider range or questions t-uan ct 
definition would provide. Sutton finally discusses the 
technique of placing a word on a bipolar scale as in the 
semantic differential test or the Kelly repertory grid. 
Analysis of the responses to these tasks allows the 
researcher to identify the kind of 'mental spectacles' with 
which the student sees the world. Again, however, much of 
the information relevant to the present study would have to 
be elicited by inference or by directly asking why a 
particular placement was made. The direct face-to-face 
interview, therefore, appears to be the most flexible method 
for gathering the bulk of the data needed to address the 
research questions in the present study.
Posner and Gertzog (1982) review the clinical interview as a 
research method. They see the technique as originating in 
the work of Jean Piaget in which the discussion centres 
around a pre-set task, object or problem. They discuss a 
number of potential pitfalls of the method, and emphasise 
the need for the interviewer to practice the technique and 
receive critical comment on early efforts. The two biggest 
risks in using the method are suggestions made by the 
interviewer which are then picked up and fed back by the 
interviewee and random answers given simply as a way of 
providing some response without reflecting the interviewee's 
real belief. Suggestions can easily be detected in an 
interview transcript and their elimination is part of the 
development of the technique which the interviewer must 
learn. Random answers are seen by Posner and Gertzog as 
mainly a problem with younger children and readily detected,
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if they occur at all, in the responses of older students.
Osborne and Gilbert (1980a, b) have developed the 'Interview 
About Instances' (IAI) method for investigating students' 
understanding of concepts. In this approach up to 20 
familiar situations are presented to the interviewee usually 
by means of line drawings on cards. Some situations depict 
instances of the concept under investigation while others 
show non-instances. The student is initially asked whether 
the situation is or is not an instance and his understanding 
is further probed by asking why, how the instance differs 
from a previous one, what would happen if the situation was 
changed slightly, etc. The method has been adapted to an 
Interview About Events approach in which a demonstration 
experiment is discussed (Ericson (1979, 1980), Gunstone and 
White (1981), Gilbert, Osborne and Fensham (1982)) . These 
approaches are potentially powerful and flexible ones in 
which the interviewer sets the broad_theme of the discussion 
but the interviewee is not restricted from indicating the 
full extent of his concept. The IAI method has been 
particularly useful in probing physics concepts such as
force and electric current where instances and non-instances
can readily be designed to reveal many different
conceptions. For example, the only forces acting on a golf
ball in flight are gravity and wind resistance but many 
pupils visualise a force in the direction of motion (Osborne 
and Gilbert (1980b)). Similarly it is possible to design 
instances and non-instances of electric currents in a 
variety of familiar electrical devices (Osborne and Gilbert 
(1980a)). For the present study of the concept of energy,
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however, there are essentially no non-instances of energy or 
energy change and the method will have to be adapted 
slightly to discuss how (if at all) energy is involved in 
the situation depicted.
5.3 Development of an Interview Schedule
The first stage in the development of an interview schedule 
was the analysis of the concept of energy, and its 
application in different areas of chemistry already 
discussed in Chapter 4. This analysis identified four 
broad areas which might form a suitable basis for the study, 
namely:
Thermal energy 
Chemical bond energy 
Nuclear energy 
Electronic energy in atoms 
These areas are not intended to be clear cut compartments, 
indeed nuclear bonds and chemical bonds could be regarded as 
subsets of bonds and the topic of reaction rates and 
mechanisms will clearly involve both thermal energy and 
chemical bond energy. The four areas, however, do form a 
convenient framework for the planning of an interview
schedule and they are put forward purely for that end. 
Within each area a number of topics were identified. Some 
of these were considered, on the basis of the author's 
teaching experience, to be potential sources of confusion or 
difficulty to students. Others were considered to be
topics which students would have little difficulty in 
discussing. These latter topics were chosen as 'entry
points' for the discussion and each new area was introduced
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with one such topic. It was hoped, in this way, to achieve 
an interview schedule in which students could progress from 
easy topics to the more difficult ones and become 
accustomed, early in the interview, to speaking and to 
discussing the material on each card. Before the final 
area was introduced, students were asked the formal 
definition of energy and for some of its important 
properties or attributes. The resulting set of areas and 
topics was as follows:
Chemical Energy
Energy of reaction 
Bond energy
Energy and temperature 
Nuclear Energy
Nuclear fission 
E = me 2 
Electronic Energy in Atoms 
Hydrogen spectrum 
Quantisation 
E = hV
The Definition and Attributes of Energy 
Thermal Energy
Energy of molecular motion 
Distribution of molecular speeds 
Latent heat 
Intermolecular forces 
Reaction rates and activation energy
A set of cards was drawn depicting situations which could 
serve as a focus for discussion of these topics and some
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trial interviews were conducted. During the first few 
interviews three defects in the original set of cards became 
apparent:
i. Some cards were too complex
ii. One card gave a distinct cue to a particular 
answer
iii. Some additional cards were needed since students 
commonly drew 'finger on the table1 diagrams to explain 
some points
These defects were remedied early in the study and the final 
set of cards is shown in Appendix A. Data influenced by 
the defects in the first set of cards were not used in the 
analysis although part of the initial interviews did provide 
data which were used.
5.4 Interviews with Students
The students came from the first, second and final years 
(3rd for a full-time course, 4th for a sandwich course) of 
degree courses which included a major chemistry component. 
They were from three institutions, a Polytechnic, a 
University and a College of a University. The distribution 
of students across years and institutions is shown in Table 
5.1.
Students were approached individually and asked to 
participate in the study. All agreed readily and many 
showed considerable interest in the work and in the reasons 
for it. After each approach a letter (Appendix B) was 
given to the student to confirm the time and place of the
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interview, to outline tne purpose or m e  stuay cuiu lu 
each participant of confidentiality.
Institution
A B C
Year 1st 2 2 4
of 2nd 3 3 4
Course Final 4 5 2
Total 29
Table 5.1 Student sample for first interviews
The arrangements for the interview were carefully designed 
to remove as much as possible any feeling that the situation
was a test or examination. The student sat on the
interviewer's right at a desk, table or laboratory bench. 
The tape recorder was on the interviewer's left with the 
microphone on the desk between the two participants, 
pointing slightly towards the student. The cards were held 
by the interviewer and presented one at a time, or in sets,
to the student by placing them on the desk in front of the
microphone. The word 'interview' was never used to
students because of its confrontational and assessment 
connotations; rather, words such as 'chat1, 'discussion' or 
'talk' were used to describe the session. Each interview 
lasted between 25 and 45 minutes and was recorded on one 
side of a conventional C90 cassette.
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Apart from the structure inevitably imposed by the set of 
cards, every effort was made to be as non-directive as 
possible during the interview. The session started with a 
brief talk about the student's course, accommodation etc as 
a way of relieving possible tension. The research
interview began with an explanation that the study involved 
students' understanding of the word 'energy'. Each student 
was told that a series of cards would be shown depicting 
various chemical situations and that he/she would be asked 
how he/she thought energy was involved in each situation. 
During the interview the student's answers were accepted 
without comment apart from a nod, or a neutral 'I see' and 
any follow-up questions used the student's words as much as 
possible. At some points in the interview, however, some 
real or apparent anomalies were introduced as part of the 
study (see interview transcripts in Appendix C ) . In some 
cases these revealed a good understanding on the part of the 
student, in others they demonstrated to the student that his 
knowledge was inconsistent or inadequate. This posed the 
ethical question of the effect of the research on the 
volunteers on whom it depended. The difficulty was solved 
by putting the appropriate cards to one side and promising 
to return to the question at the end of the interview. 
This was done in all cases where the student realised that 
he or she had an inadequate understanding of a topic and the 
difficulty was cleared up readily.
Students were, in the main, interested in the work; many 
asked questions such as, 'Did I get most of it right?' or, 
'How did I do?' These questions were answered positively,
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with an attempt to pick out those areas where clear
explanations had been given. All students were, of course, 
thanked at the end of the session and many expressed the 
hope that the data would be useful to the reaearch. Tapes 
were labelled with the student's name and the date 
immediately after the interview.
5.5 Second Interviews
During the transcription of the first interviews it seemed 
likely that many students were using language in rather a 
loose fashion. This was suspected especially in those
passages discussing the release of energy from a system when 
'energy production' or some similar phrase was often used. 
Elsewhere in the same interview, the student would commonly 
give a clear account of energy as a conserved quantity. It 
was therefore decided to probe the meaning of the words used 
by means of a second interview 3 to 5 months later with 
about half of the students. This approach is similar to
that suggested by Sutton (1980) except that two sessions
were used rather than developing a more probing technique 
later in the first session.
Students were contacted in writing (Appendix D) and asked to 
suggest a suitable appointment. Areas of interest in the 
first interview were marked on the interviewer's copy of the 
transcript and in some cases an unmarked copy was given to 
the student in advance of the second interview. None of 
the students made any significant comments about their 
transcripts; the most common comments being about the large 
number of ..um..s and ..er..s present. The second
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interview was more probing than the first since the tangible 
evidence of statements made earlier was available and 
students could be asked if they meant literally what they 
had said or if their understanding was something different. 
The second interview concluded with a brief discussion of 
the meaning of words and the difficulty of expressing 
precisely what was intended. Examples of second interviews 
are given in Appendix E.
5.6 Transcription of Interviews
Audio taped interviews were transcribed verbatim by the 
author. The objective to be achieved by the transcription 
process is the retention of the original meaning of the 
spoken words when converted to written form. It was found 
that this could be achieved with relatively few conventions, 
and the following format was adopted:
i. Normal punctuation is used .to aid division into 
sentences, phrases etc and to indicate the 
interrogative.
ii. Pauses are indicated by: .....
iii. ^Inaudible words are indicated by: (mutter)
iv. A discontinuity or correction in the train of
thought is indicated by: - e.g.
"the less water the coo- the hotter the flame will be"
"in transition state chemistry they are- a lot of them 
prefer the oxidant's state in which..."
v. In deference to the Queen's English, "yeah", 
"yip", an affirmative "uha" or "urn" are all transcribed 
as "yes".
The transcripts of the first interviews each consisted of
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about 12 sides of single-spaced A4 tianawntmg. secona 
interviews were shorter, generally four to six sides. 
References to extracts quoted from the transcripts are by 
means of a 3-part number e.g. 25.8.12, meaning student 
number 25, page 8, line 12 of the hand written transcript. 
References to second interviews are indicated by a prime on 
the student number e.g. 27'.4.8.
5.7 Interpretation of Data
The interpretation of the data forms the subject matter of 
the next Chapter but it should be recorded here that all
data interpretation was carried out while both listening to
the recording and looking at the transcript. In this way
it was possible to ensure as far as possible that the
correct meaning was being ascribed to the words used.
5.8 Additional Data
Some additional data were obtained from written answers to a 
homework question and an examination question set to a group 
of students. Details of these are given in Chapter 6 on 
data interpretation.
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CHAPTER 6
Data Analysis
6.1 Development of Approach
During the process of transcribing interviews the most 
striking feature of the students1 views was the number of 
statements which appeared to be wrong. Lest this should 
seem a rather pessimistic outcome, it should be remembered 
that the interviews were being considered by a Polytechnic 
teacher with many years experience of teaching applied, 
vocationally-oriented courses. To such a person factual 
accuracy and a thorough understanding of a subject are 
paramount, so any failings in this area would be immediately 
noticed. The errors expressed by students seemed to fall 
into a three-level structure, namely:
Level 1: Misconception e.g. breaking bonds releases
energy
Level 2: Reason e.g. because energy holds atoms
together
Level 3: Generalisation e.g. energy is perceived as
something essentially 
positive
In this structure, Levels 1 and 2 come directly from the 
students. Level 3 is a personal attempt to conceptualise a 
type of difficulty which applies across a number of areas.
A trial analysis of six interviews using this structure gave 
initially some 50 categories. These were refined down, by 
combining similar categories, to 27 of which eight were
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deemed Level 1, seven Level 2, two were placed directly in 
Level 3 and ten were classified as 'factual'. The two in 
Level 3 were: a heavy reliance on theory; a confusion of 
intermolecular with intramolecular properties. Both of 
these were generalisations of many students' statements; 
none of the individual statements were sufficiently commonly 
expressed to merit recording but, taken together, they did 
appear to justify a Level 3 category. Further data 
analysis amended these classifications slightly by further 
amalgamating similar categories.
The next area of analysis was a systematic search for 
alternative frameworks. The set found by Watts (19 83) 
formed the initial model. This is a set of seven 
viewpoints of energy which seek to describe students' views 
of what energy is. They have already been discussed in 
Chapter 4. To these was added a further framework about 
energy, or involving energy. This is an alternative 
framework of the nature of chemical change and chemical 
substances and involves the concept of energy without being 
directly descriptive of it. It can be expressed in a 
number of statements, e.g.
i. High energy is unfavourable
ii. Low energy indicates stability
iii. Change occurs towards a state of low energy
and can best be summarised as: stability is governed by
energy level.
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The 'factual' classifications were initially somewhat 
unexpected. They represented ideas, expressed accurately 
by many students, which seemed sufficiently relevant to the 
subject area to be worthy of recording. Later in the 
analysis these ideas were classified according to the 
accepted attributes of energy. This part of the analysis, 
therefore, provides information on the extent to which the 
students recognised and used these attributes. It thus 
gives some positive findings about the nature of the 
students' views. The main analysis of the data, therefore, 
can be regarded as an investigation of three sets of 
questions and each will form a subsequent section of this 
chapter:
What do students get clearly wrong, and why? 
(misconceptions)
What other conceptions of energy do students hold? 
(alternative frameworks)
To what extent do students appreciate the accepted
attributes of energy?
The chapter concludes with a discussion of the use of energy 
conservation in problem solving and a brief account of some 
of the problems inherent in establishing meaning from verbal 
data.
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6.2 Misconceptions about Energy
The picture of a misconception developed earlier was a 
picture of inappropriate connections or links being made to 
existing knowledge. It is appropriate, therefore, that in 
identifying misconceptions, both the wrong idea and the 
reason for its existence should be sought. That is, we 
should ask both, 'what does the student think?' and also, 
'why does he think that this is true?' Sometimes both 
questions are answerable by reference to the student's 
statements, in other cases the reason is less easy to 
establish. In this section the major misconceptions will 
be identified (Level 1), reasons for them will be sought 
(Level 2) and an interpretation will be attempted in terms 
of a broader generalisation (Level 3).
6.2.1 Energy and Chemical Bonds _ ,
Eighteen of the students interviewed considered that bond 
breaking evolved energy. The accepted view is precisely 
the opposite and the substantial occurrence of this 
misconception is a cause for concern. It was difficult to 
probe the reason for this view since many students were 
slightly apprehensive and if asked, 'why do you think that?' 
would be likely to change their minds or say, 'isn't it 
right, then?' Nevertheless, three reasons were established 
by a study of those transcripts where explanations were 
offered. The nature of the misconception and the first of 
the reasons for it can be shown by some quotations:
As the bonds are broken, energy's given out.
(15.2.18)
More energy's evolved when it's broken because 
there's more energy holding the actual atoms
together so when it's broken that energy's
released. (26.2.29)
the energy involved in holding the two carbons 
together would be released. (3.3.9)
The view that energy is something holding atoms together and
is released when the bond is broken was expressed (either
related to chemical bonds or to bonds within a nucleus) by 
seven students. In this view energy is seen as essentially 
something positive. The bonded system is not seen as a
system having negative energy relative to the unbonded
system and on which work must be done to perform the 
dissociation. The current focus of attention is always 
seen as something needing energy to bring it about or to
ensure its continuance. The similarity to Watts' (1983)
functional framework is evident and energy as 'something 
which does things' is a viewpoint within which negative 
values of energy are essentially alien.
This interpretation is well illustrated by two statements, 
occurring within minutes of each other, made by the same 
student:
Energy's required to keep those molecules packed 
together. (17.10.16)
Energy is required to overcome those molecular 
interactions and break the bonds. (17.10.31)
Although the focus of attention is reversed in the two
statements (keep molecules together, and overcome molecular
interactions) energy is seen, in both cases, as the positive
quantity needed to achieve the end result.
100
The second reason for bond breaking being unaersuooa tu 
release energy concerns the high bond energy and reactivity 
of ethyne:
Its easier to break a triple bond than this bond 
here. These will undergo addition reactions, 
that's right, obviously more easily than this, 
this wouldn't, so this (single bond) must be a 
stronger bond than this one (triple bond)
so this must be energy released when ' the bond's 
broken, that would mean. (26.3.9)
Two other students expressed a similar confusion between the
thermodynamic bond energy and the kinetic reactivity of
ethyne:
I: How could you tell the ethyne was more
unstable if you didn't have that number (bond 
energy)?
S: By its reactivity and how stable it was to
heat or something. (28.3.1)
If a bond was stronger you wouldn't expect it to 
break so easily as another one so it wouldn't be 
so reactive. (21.3.27)
The confusion of thermodynamic and kinetic criteria was not
common among the students interviewed but the extracts
quoted above show that it contributes to some
misconceptions. Although it was only found in the present
study in the context of the reactivity and bond strength of
ethane and ethyne, it is suggested that
thermodynamic/kinetic confusion could be sufficiently wide
ranging to be regarded as a general factor at Level 3.
The third reason put forward for believing that bond 
breaking evolves energy can be termed the 'activation 
energy' model of a chemical bond. Although expressed by 
only four students, they did cover all three institutions so 
the view is worth recording. In this viewpoint of a bond,
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energy must be supplied to break tne Dona, our eueiyy j-o
then released again when the bond breaks. Energy
conservation does not feature in this model which is used by
students to rationalise the apparently incompatible facts
that ethyne is a reactive molecule with a strong bond. The
'activation energy1 model is exemplified by two extracts:
Its well known that ethyne is used as a fuel as 
opposed to ethane ..urn.. That wouldn't happen if 
you had to supply energy to the molecule, 
therefore if you do manage to break the bonds by 
supplying sufficient energy initially, then I 
would imagine, well a relatively large amount of 
energy would be released. (19.5.30)
and:
S: it's obviously easier to break the ethane bond
than it is the acetylene, but when you do break
the acetylene, there's more, there's 891 kJ as
opposed to 346. There's more energy given out 
than the ethane.
I: If there's more energy given out from the
ethyne, why is it harder to break it?
S: just has a greater ..er.. activation energy,
but, the, you. The bond's stronger; s'like 
perhaps, say, the difference between a thick piece 
of elastic and a thin piece of elastic. Its easy 
to stretch a thin piece of elastic but when you 
let it go it's, you know, a pretty feeble ping but 
when you get- the fat bit's harder to do it but 
when you let go it hurts your fingers. (7.3.4)
Perhaps the most noticeable feature of this model is its
total disregard of energy conservation, a feature which will
be discussed in a later section.
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6.2.2 Energy and Temperature
At one point in the interviews students were asked which of
two blocks of iron had more energy a 15-kg block at 400 K
or a 150-kg block at 200 K. Fourteen students considered
that the smaller hotter block had more energy and most
ascribed this to the higher temperature:
well, energy is proportional to temperature well, 
sort of thermal energy. ... My instinct tells me 
that the 15-kg one has more energy but I don't 
know if that's right. (20.4.25)
S: The 400. The small one at 400 K
I: Why do you say that?
S: Its got more heat, more energy. (7.4.5)
I would say the one block at the higher 
temperature because it has more energy by virtue
of its state, its at a higher temperature.
(6.3.26)
Isn't temperature more significant, you know, the 
higher temperature would be more significant to 
the amount of energy than the, just having a large 
mass at a lower temperature. (4.3.19)
The question on energy changes when water is boiled focussed
on a similar area but in a different way. Here, energy
must be supplied (enthalpy of vaporisation) but the
temperature does not change. Again, the strong
relationship between energy and temperature confused some
students:
There's no change of energy. Its exactly the 
same as it is after and before. Changes entropy 
but the energy they've got after- before and after 
the change is the same. (14.6.30)
This view was probed quite deeply and soon led to:
I: Would it keep boiling if you did nothing to
it?
S: If it was at 100 degrees C it would keep
boiling, yes. If it cooled down at all, it 
wouldn't boil.
I: If the vessel was perfectly insulated?
S: It would keep boiling. (14.7.11)
Another student expressed a strong relationship between
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energy and temperature:
S: there must be some energy involved there
because y o u ’re changing the state but what it is I 
couldn’t tell you.
I: Is it an energy change?
S: urn.. no because you're not changing the
temperature ... so I would say that there's no 
energy change there. (11.11.24)
A somewhat similar confusion, expressed by seven of the
students, was a belief that equilibrium involved an equality
of energy between the two bodies or phases concerned:
The material will try to reach thermal equilibrium 
with its surroundings ... which would, sort of, 
they'd sort of try to balance up their energy 
content. (26.4.30)
They would equilibrate to the same energy.
(27.5.17)
then the energies would be equal. (13.3.30)
Well, 200 to 300 ..urn.. equilibrium of energy.
(24.7.31)
These views are seen as classic cases of confusion between
an extensive property (energy) and an intensive property
(temperature). Equilibria of various types (e.g. two
liquids in a U-tube, an object floating in a density
gradient, or a Wheatstone bridge circuit) involve equality
of intensive properties (pressure, density and e.m.f.) The
distinction between intensive and extensive properties is
thus a vital one for science education since the two types
of property occur in related pairs (see Chapter 2, section
2.4.2). Nevertheless it is a matter of considerable
confusion to some students. In a number of cases this
confusion between an intensive and a related extensive
property is evident from the transcripts:
S: (15-kg block has more energy)
I: Why is that?
S: ..urn., well, even though there's a greater
amount of iron there, in mass, there's less
energy, there's less heat to spread through that
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mass, you know, heat and energy are equivalent so 
there's less energy to be dissipated amongst the 
large mass and there's more energy amongst the 
small mass. That must have a great deal more 
energy than that. (11.4.22)
Actually the smaller one will have more energy 
because you've got more, more concentrated 
obviously you aren't dissipating it. You've got 
more energy into a smaller number of atoms, so its 
more highly concentrated. (14.2.29)
..urn.. depends how you measure the energy. If 
you measure it as a total then, a total for the 
block, then obviously the smaller one's got the 
most energy. If you measure ... If you measure 
it per- you know, energy per kilogram then the
smaller one's still got the most energy. (25.6.1)
All three of these extract show some realisation of a
distinction between a total energy and an energy density or
concentration. The idea of an energy per kilogram or per
atom seems to be causing doubts and uncertainty. Its
precise expression, its relationship to temperature, heat
content or total energy, however, seem to elude the students
completely.
6.2.3 Boiling and Bond Breaking
In one part of the interview, students were asked if there
was an energy explanation of the difference in boiling point
between benzene (80°C) and chlorobenzene (132°C). Seven
students focussed, in their replies, on the carbon-chlorine
bond or on some other molecular property, rather than on
intermolecular forces:
S: I thought the benzene would have a higher 
boiling point
I: Tell me why you thought benzene would boil
higher ...
S: Well, 'cos it's a ... I would have thought,
thought, obviously wrong, as its a more stable 
structure with delocalised -bonds a cloud of 
electrons above and below the planar structure it 
would make it more stable, therefore a higher 
boiling point. (5.7.31)
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S: the boiling point will be a lot more to breaK
the bonds.
I: What bonds?
S: The bond between the chlorine and the carbon, 
and the carbon and hydrogen. (12.7.21)
S: That would be the bond between them
I: Between?
S: Chlorine and the benzene ring. (27.11.26)
This last student gave a clue to a possible reason for this
misconception:
I'm a bit mixed up now, because I'm thinking of 
substitution, sometimes you have to reflux it and 
therefore bring about substitution so you're 
breaking the bond and then I'm thinking of a 
distillation where we get the pure sample by 
boiling it. (27.11.17)
No other students indicated a link in their minds between
boiling and refluxing a reaction mixture to encourage bond
breaking. This cannot, therefore, be hypothesised as a
general pattern of thought. The only Level 3 category into
which it can be fitted is a rather general one covering a
lack of qualitative understanding of phenomena and a
consequent failure to distinguish bulk and molecular
properties. Some other findings of the present work can
also be fitted to a slightly expanded version of this
classification. These are discussed in the section
immediately following.
6.2.4 The Nature of the Reaction Coordinate and the Particle 
Model
Towards the end of the interview, students were asked why a
reaction (the nitration of nitrobenzene) becomes faster at
high temperature. Discussion of this question usually led 
to the concept of activation energy and reaction coordinate 
at which point the final card of the set (Appendix A) was 
produced. Five students considered that the reaction
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coordinate profile covered a timespan of about fifteen
minutes (the time needed for essentially complete reaction):
S: For the second reaction at 100 degrees it
would be about nought to fifteen, wouldn't it?
I: Nought to fifteen ...?
S: Minutes. (23.10.23)
At 100 degrees C, that would be fifteen- should 
that be fifteen minutes? ..urn.. That'll be the
time to take the product- the reactant molecule in 
its unactivated state through to the activated 
state and down to the product ..urn., on average 
that ..er.. that'd appear to take 15 minutes for 
the ..er.. nitric acid nitration of the benzene at 
..er.. 100 degrees C. (18.15.21)
In one transcript the reason for this view was clearly 
expressed:
because at the beginning there's very little 
reaction and ..er.. you get more reaction at the 
middle, then at the end almost everything's
reacted, there's again very little reaction. 
(16.14.8)
In other words, the appearance of a conventional preparative
can be detected, however in other responses e.g. (18.15.21)
above and also later in the previous transcript:
because it says it's complete in 15 minutes so I 
would think that the products, or the majority of 
the products, would be formed at 15 minutes, or 
all of it, whereas at 20 degrees C the reaction's 
very slow so it's incomplete, so you'd probably be 
about there at 2 0 , you're just forming the 
transition state because that would be the slow 
part, I would think, of the reaction, because once 
you've formed this transition state it tends to 
be, sort of, the tip of the balance, so to speak.
That reaction should occur much more quickly 
because the gradient as well is very steep 
compared to this slow gradient. (23.10.26)
These examples all show a poor qualitative appreciation of
was apparent in at least eleven transcripts and it was also
reaction is not unlike the of a reaction
coordinate profile. No other student expressed this
connection quite as explicitly as in- the extract above. It
the kinetic-molecular or particle model of matter. This
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noticed that many students were extremely reluctant to 
introduce a molecular model as an explanation of chemical 
phenomena. Some views related to the molecular nature of 
matter are given below:
(Discussing air in a closed flask)
Well, it's in an enclosed vessel of fairly small 
dimensions compared to what's outside so after a 
period of time you might expect any ... you take
your sample of air and you cork the bottle. I
would poss ... probably think that after a period 
of time ..er.. although there would still be some 
random movement, it wouldn't be as great as the 
surroundings or as it was originally. (6.9.28)
I: You say all the molecules are moving. Are
they all going at the same speed?
S: If it was an ideal gas then yes, probably,
they would be, but given that it isn't, they'll
probably be moving over a range of speeds.
(25.11.17)
Some of the energy goes in the momentum of these 
particles after the collision, some is just 
released as heat. (26.6.12)
There'll be gas molecules and they're on fire. 
(27.1.24)
The poor qualitative understanding of a phenomenon or model 
was reflected by at least fifteen students who sought out an 
algorithm or formula rather than attempt a phenomenological 
description:
..urn.. just trying to remember what the
definition of bond energy is. (9.3.1)
I'm thinking about an equation for each of them 
... I'm sort of stuck with- If you use E=mc 
squared then you've got mass. (10.4.21)
well, you can calculate the energy, E, from the 
Rydberg equation. (18.9.11)
Entropy is related to energy, obviously, using the 
Gibbs equation. (19.3-3)
I think you've got to raise it to an activation 
energy before you can actually ..urn., start the- I 
can't, remember the definition of it now.
(29.2.22)
The set of conceptual problems grouped together in this
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section may appear at first sight to he an m - a s s o r t e a  
mixture. They all, however, reflect a matter of
substantial educational concern. Students appear able to
achieve examination success, particularly in a quantitative 
subject area, by the memorisation and application of 
formulae or algorithms. The underlying understanding of 
the phenomena modelled by the formulae appears to be less 
complete. If this hypothesis is accepted as a
broad-ranging explanation, a number of specific topic 
difficulties can be explained. Without an adequate 
qualitative picture of atoms and molecules students will
have a poorly-developed sense of the scale of molecular
phenomena. They may then confuse a molecular property with 
a property of bulk matter or apply a formula blindly in a 
completely inappropriate situation. Although science 
subjects tend to become more quantitative as research
progresses, the quantitative formulae are no more than 
mathematical models and the qualitative nature of the 
phenomenon modelled must be grasped for a full understanding 
of the topic.
6.2.5 Energy and Heat
Energy and heat are commonly confused, e.g:
Is What is heat?
S: Its a kind of energy. (15'.4.22)
Energy's heat, heat is energy. It's two 
different words for the same thing really. 
(26'.2.11)
The origin of these views probably lies in terms such as 
'heat energy 1 which can be found in many texts. A 
significant part of the second interviews was devoted to 
probing views on the relationship between energy and heat.
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Of the thirteen students interviewed, eleven maae btdLtJuicuua 
similar to those quoted above. The subject was not raised 
with the other two. After the similarity, or identity, was 
raised by the student, the relationship was further probed 
by suggesting a Venn diagram or set theory representation. 
In some cases such a representation arose at the student's 
instigation:
I: Are heat and energy the same or are they
different things?
S: Heat is energy, is a sort of small part- well,
one of the various compartments which you sort of 
call energy by, I suppose. (8 *.1.20)
I: are energy and heat different or are they the
same?
S: They're the same.
I : The same thing*
I: Why do we need two different terms, then?
S: Don't know ... because you can have other
types of energy too, apart from just- you can't 
just say that heat is energy because you get light 
energy and chemical energy so you can't-. You 
have to have different terms to define the 
different types of energy.
I: Can you define (heat) in terms of (Venn
diagrams or sets)?
S: They all come under energy, they're subsets of
energy
I: What are subsets?
S: Well, they're totally incorporated in, so
they're-. They are energy, but they come under 
their own group as well, being heat energy.
S: (Heat energy, light energy would) all be a
subset of energy, but then they're not the same as 
one another, heat and light, so that they wouldn't 
overlap. (28'.2.9)
The view universally presented by the students was the one
shown in Figure 6.1 which contrasts markedly with the
science view and suggests that the teaching on path
functions and state functions has not been well understood.
No student said that heat was a process whereas energy was 
a function of state.
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State functions
Energy
Path functions
Heat
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The Students' View:
Energy
KineticHeat
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MechanicalNuclear
energyenergy
Figure 6.1: The relationship between energy
work and heat.
6.2.6 The Fragmentation of Knowledge
A further general feature which emerged from the interviews
was the extent to which students fragmented or
compartmentalised their knowledge. A problem was commonly
considered from one viewpoint only, even in an interview
situation allowing full discussion with no time constraints
at all. As an example, students were asked for an
explanation of the high temperature of the ethyne/oxygen
flame. A full explanation should mention the energy input
to break the existing bonds, the energy released when new
bonds are formed and the temperature which can be attained
by supplying the net energy released to heat the combustion
products. In many cases interviewees concentrated on one
aspect only, commonly the breaking of the carbon-carbon
triple bond of ethyne:
It's well known that ethyne is used as a fuel as 
opposed to ethane ..urn., that wouldn't happen if 
you had to supply energy to the molecule. 
(19.5.30)
(Discussing ethyne/oxygen and ethane/oxygen 
flames)
I: Which one do you think would produce the
higher temperature?
S: ..urn., the ethane,
I : Why do you say that?
S: More bonds are broken ... (22.2.4)
In one case recourse was made to an intriguing cyclic
argument:
If the bonds are stronger, you have to heat up the 
temperature, you have to have a higher temperature 
to break the bond. (10.3.7)
On one occasion, towards the end of a second interview, the
fragmentation of knowledge was raised by the student:
You tend to think of all these different things as 
separate, as if that's a completely different
problem to this one here, but they're not really, 
they're the same. (15'.6.20)
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The fragmentation of knowledge found in some transcripts is 
akin to Frazer and Sleet's (1984) finding that students able 
to solve simple sub-problems were unable to put all the 
components together and produce a solution to the whole 
problem. It is also consistent with Johnstone and 
El-Banna's (1986) suggestion that students can hold 
approximately 7 ± 2  items of information in their working 
memory. It could be that fragmentation simply shows an 
inability to handle large amounts of apparently independent 
information (see, e.g. Johnstone and Kellett (1980)).
6.3 Alternative Frameworks of Energy
The nature of alternative frameworks has been discussed in 
detail in Chapter 2 but briefly a framework is a description 
of a viewpoint held by a significant number of people. It 
is a generalised account of a view originating from 
individual experiences, it commonly reflects some of the 
attributes of the scientist's view of the subject but 
generally lacks the rigour and the full range of 
applicability of the accepted science concept.
Analysing interview transcripts for alternative frameworks 
is not easy. The words used may represent the student's 
honest view or they may represent a best attempt at 
desribing a perception close to the accepted science view. 
Some sets of words may be taken to represent more than one 
framework. Some words may simply be a quick shorthand way 
of expressing a view remarkably close to that of accepted
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science. Probing the nature of these various possibilities 
is also difficult. If pressed students are quite likely to 
change their reply, thinking they are 'wrong1. The
subtleties of fine distinctions between different forms of 
wording are lost on some students and some simply have a 
poor power of expression. These problems were resolved, or 
rather minimised, by attempting a two-stage process. In 
the first stage the views expressed were accepted with 
little comment; in the second stage the views were probed 
quite deeply with the concrete evidence of the first 
transcript to hand. A further problem in analysing for 
alternative frameworks is the difficulty of giving any 
quantitative indication of the extent to which each view is 
expressed. A misconception and its reason constitute a 
single event or viewpoint held by a student; the prevalence 
of a misconception can therefore be indicated by the number 
of students who express it. Many alternative frameworks, 
on the other hand, will be verbalised ..during the course of 
an interview; talkative students may express more than the 
more reticent. Each framework may be expressed on several 
occasions in different contexts. Some frameworks are 
expressed by virtually all students. These factors make 
any quantitative assessment difficult so recourse has been 
made to two measurements. The proportion of the total 
student sample using the framework has been recorded as one 
measure and the rough extent of use within each interview 
has been graded 'low', 'medium' or 'high'. It must be 
recognised however, that these assessments are crude in the 
extreme and inevitably reflect the nature of the interview 
schedule and the opportunities thereby made available for
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each framework to be expressed.
In the analysis which follows, the first seven frameworks 
are those of Watts (1983), the last one arises from the 
present work and the discussion of each relates to the 
undergraduates interviewed in this study.
6.3.1 The Human-Centred Framework
In this framework energy is seen as associated with a human 
being or with an object treated as if it had human 
attributes. A person, for example, has a lot of energy if 
he can engage in strenuous activity. This framework was 
expressed by less than half the interviewees. All the 
instances referred to people; no student used 
anthropomorphism in a chemical situation. The extent to 
which the framework was used was uniformly low. It appears 
that undergraduate students have developed a view of energy 
which is more mature .than the anthropomorphic views found by 
Watts (1983). In some cases the view expressed could be 
regarded as a functional framework applied to a human 
situation:
Y o u ’ve also got the man using energy, his own 
energy to, to work the lamp. (15.1.16)
6.3.2 The Ostensive Framework
Young people often identify energy with outward displays of 
activity such as fire burning, a telephone ringing or 
something 'creating energy by moving fast' (Watts, 1983). 
This framework was expressed by about two-thirds of the 
students but the extent to which each interviewee used it
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was low. In the main it was used to refer to the kinetic 
energy of moving particles or vibrating bonds and may indeed 
reflect an accurate conception of the energy of these 
systems. Some examples of the framework are:
kinetic energy ... it's ... er ... energy that's 
moving, dynamic. (27.1.17)
heat energy and ... I'm not really sure, the 
actual ... the molecules and sparks and flames.
(23.1.22)
the air is moving around so its got a kinetic 
energy. (18.11.27)
6.3.3 The Depository Framework
In this framework energy is seen as a causal agent stored
within objects. It was expressed by about three-quarters
of the students and most used it to a medium extent. In
the young people interviewed by Watts (19 83) some objects
were seen to have energy (e.g. a battery, a fuel or a human
being) while some (e.g. motors or bulbs) need it.
Undergraduates commonly express the depository framework in
terms such a s :
...the atoms have all got- they contain energy 
themselves, don't they? (19.5.26)
Well it (the flask of air) must have some stored 
energy depending on the mass of the air. 
(11.10.31)
(energy is) the amount of work stored in 
something. (7.8.32)
The difficulty in assessing a student's view of this
framework is that the idea of energy as a physical quantity
(e.g. a system has 4 kJ of energy) is very close to the
depository framework. Many of the views which could be
classified as depository did not cause great concern and
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could be interpreted as reflecting an assessment of the
energy content of systems, e.g:
that's the energy that's originally supplied to 
heat the water and then becomes the energy that's 
actually in the water when its at 1 0 0  degrees.
(6.11.4)
There is, however, one matter of concern regarding this
framework. The possession of a quantity of energy is
essentially a question of having something positive. The
depository framework, therefore, may contribute to the
misconception, discussed earlier, that chemical bonds
possess an amount of energy which is released when the bond
is broken. Some examples of this can be seen in the
following extracts:
S : if you can break the bonds there’s the
potential to use that energy,
I: To use what energy?
S: The energy involved in the actual bonds of the
molecule... (18.11.30)
the energy of the triple bond. (22.3.9)
there's more energy stored in this triple bond. 
(26.2.20) _
6.3.4 The Triggered Ingredient Framework
In some situations energy is seen as a dormant ingredient
needing some trigger to release it. Food is one example of
this view; Watts (1983) found that some pupils believe that
sit gives people energy when th^y eat it. Similar views are
shown by undergraduates in statements such a s :
... the energy's got by the splitting up of a 
nucleus of, say, uranium. (16.7.1)
The triggered ingredient framework was expressed by about
two thirds of the students and they generally used it to a
medium extent. It was mostly used in situations related to
energy transfers accompanying a change of some sort. This
is of some educational concern since there is a tendency to
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associate energy with a process rather than witn tne scare 
of a system. For this reason holders of this view may also 
tend to confuse energy and energy change. The confusion of
states and processes has already been mentioned in Section
6.2.5. Some further extracts illustrating these points are 
given below:
There are some collisions so energy, again, is 
going to be releasd there. (20.11.13)
I: Tell me about this stored energy.
S: It would, well if you put a flame in there it
would burn so it must have something in order to
make the flame burn which is the oxygen ... but
you'd have to do something to it, you know, to get
it out. (11.11.3)
(the nucleus is) hit by the neutron, thermal
neutron, which releases energy. (26.5.15)
6.3.5 The Product Framework
In this framework energy is seen as a by-product of a
situation. It is clearly non-conserved, as is indicated by
the common use of the word 'produce1. Undergraduates
frequently show this viewpoint when discussing exothermic
chemical reactions:
using the gas to keep producing the energy.
(11.1.11)
This framework was expressed by all students to a 
medium/high extent. Since it is the antithesis of energy
as a conserved quantity, it was probed particularly
carefully with those students who .were re-interviewed. 
This resulted in much reassurance that they did, in fact, 
recognise energy as a conserved quantity and were simply 
using the word 'produce' as an analogy. Eleven of the 
thirteen students expressed ideas of energy conservation in 
the second interviews, the other two had already used or
118
mentioned conservation during the first interview. Some
extracts from second interviews illustrating these points
are given below:
The basic idea of the battery is that you get your 
two chemicals and they react together to form a 
product which is of lower energy than the two
original ones and that difference in energy is
given off round the circuit. (25'.3.28)
Well, you can't produce it but you can release it.
That's probably more accurate. (9'.2.5)
I: And can you produce energy?
S: Well, it's just a rearrangement of energy.
Energy can't be produced nor destroyed. It's
just the different amount from either side.
I: I see, so when you said 'produced' there?
S: What I actually meant was 'redistributed'.
(13'.2.17)
These extracts illustrate in a particularly graphic way the 
difficulties of interpreting interview data. The word 
'produce' in the original interview was being used as a
convenient shorthand analogy for a situation which was fully 
understood, but which would have taken many more words to 
explain rigorously. It can be concluded, therefore, that
the students held the view that this analogy would be a
perfectly acceptable way of communicating meaning within the 
implied conventions of a conversation between a student and 
a graduate chemist,
6.3.6 The Fluid Transfer Framework
Energy, in this framework (Watts, 1983), is seen as 
something which can flow from one place to another or even 
rub off if, for example, something is pushed. It is, of 
course, very close to the accepted attribute of energy as 
transferrable from one system to another. Fluid transfer 
frameworks were expressed by all the interviewees to a high 
extent, but statements such as:
119
If you were to introduce more energy into tne 
system. (19.16.24)
are probably best interpreted as indicating energy transfer
rather than a fluid flow model.
6.3.7 The Functional Framework
Many young people see energy as a general kind of fuel,
commonly associated with machines which improve our standard
of living (Watts, 1983). This functional view is expressed
clearly in many undergraduate statements, e.g:
They would originally be hydrogen molecules, but 
energy's supplied to convert them to single 
hydrogen atoms. (18.8.5)
This framework was expressed by all students interviewed to 
a high extent. Although the framework is clearly related 
to the common definition of energy as the capacity to do 
work, it differs in one important respect from the accepted 
view. Students clearly see the energy as doing the work, 
not the system doing it accompanied by an associated 
transfer of energy. Some probing during the second 
interviews has substantiated this interpretation:
I: You're speaking there about making the
molecules move faster.
S: ... yes, I think so
I: ..urn., so you see energy as something that
causes things to happen?
S: Well, yes. (28'.3.24)
I: Is it the energy that breaks the bonds?
S: Yes.
I : Its a sort of-
S: Yes, it's the energy that breaks the bonds.
(29' .2.20)
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This conception of energy has the attraction of concrete
tangibility rather than the abstract concept of accepted
science; energy as the abstract ability to do work was only
voiced by one student:
I: Is it the energy which is doing that or is it
something else that's doing it?
S: ..urn.. I suppose really the machine or
whatever it is that's been doing it is doing it 
but the energy's supplying the ability to do it.
(81.2.5)
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6.3.8 The Framework/ 'Stability is Governed by Energy Level*
This framework emerges from the present work and was not
reported by Watts (19 83). It is not a viewpoint of what
energy is, but rather a conception related to energy. In
this framework, a system possessing a high energy is seen as
one likely to undergo change to lower energy. High energy
systems are therefore seen as unfavourable and low energy as
favourable. This view is clearly related to the true
criterion of change for a closed system namely a decrease in
Gibbs free energy since the enthalpy component of A G  is
often substantial and many spontaneous processes are
exothermic. When changes occur, however, energy is
conserved. It is not created or destroyed, merely moved
about from place to place, from sub-system to sub-system.
During this process the total amount of energy in the
Universe remains constant but some parts lose energy, others
gain energy. If we take as our criterion of stability the
attainment of an energy minimum by-our chosen sub-system,
the success of that criterion must depend on a skilful or
fortunate choice for the focus of our attention. If we
make a good choice, our system may, indeed, achieve an
energy minimum but it follows from the principle of energy
conservation that we may equally choose a sub-system which
gains energy during the process of change. Despite these
considerations, however, the framework is expressed or
implied in many modern texts, e.g.
the five d-orbitals that originally had identical 
energy in the absence of ligands are now split 
into two sets, one triply degenerate set ... and
the other, less stable, doubly degenerate set...
(Yamamoto (1986), p. 15)
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If the value of Q is positive, energy is pruauueu 
and the reaction will proceed spontaneously, 
(Christian and O'Reilly (1986), p. 600)
The framework was expressed by about one half of the
interviewees and only occurred to a low extent. Some
typical examples are:
When (the molecule) receives too much energy for 
its needs then it has to, somehow, get rid of the 
excess energy. (19.2.6)
(The electron) will want to go back to the (lower) 
energy level where it can remain without any 
energy needed to keep it there. (6 .8 .2 )
That energy's used to promote electrons from low 
energy levels to high energy levels which are 
unstable so they fall down again. (14.5.5)’
another- a more stable compound of lower energy. 
(28.3.11)
This framework is of some educational concern since it is 
not reconcilable with the concept of energy as a conserved 
quantity and it seeks to explain spontaneous change without 
reference to entropy. Unfortunately, many examples of 
changes met early in physics and chemistry courses can be 
readily explained by using the 'framework so any more 
acceptable alternative would have to be introduced by 
exposing the weaknesses in the more simple view.
6.4 The Attributes of Energy
This section is intended to give an assessment of the extent 
to which students recognised each of the attributes of 
energy discussed in Chapter 4. In that chapter it was 
suggested that energy could conveniently be considered to
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have seven atttributes, namely:
i. Energy is the capacity to do work.
ii. Energy is an abstract physical quantity
iii. Energy can be transferred from one system to 
another
iv. Energy can be transformed from one form to 
another
v. Energy can have different degrees of usefulness
depending on the entropy of the system
vi. Energy is a conserved quantity
vii. Energy is commonly measured relative to an 
arbitrary standard and not on an absolute scale
Attempts to quantify students 1 references to the accepted 
attributes of energy come up against the same problems as 
the quantification of alternative frameworks (Section 6.3). 
The relationships between attributes and alternative 
frameworks (Chapter 4, Section 4.3) only serve to exacerbate 
the problem since many student statements probably represent 
an attempt to verbalise an acceptable conception of the 
subject. The extent to which each attribute was recognised 
will therefore be indicated in a rather imprecise fashion to 
reflect the fact that greater precision would not be 
justified.
About two thirds of the students implied or stated at some 
time that energy was the capacity to do work although 
distinguishing this abstract property of a system from the 
functional framework was not always easy. Asking for a 
formal definition of energy tended to produce the correct
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form or woras:
I: Can you define energy?
S: Energy is the ability to do work. (20.10.17)
although a later statement by the same student could be
interpreted either way:
you're going to need energy to actually force them 
apart. (2 0 .1 2 .1 1 )
and other parts of the same interview show a clearly
funcional view:
you're using energy to break this. (20.3.9)
Only about a quarter of the interviewees recognised energy
as an abstract physical quantity in statements such as:
S: ... rather than actually defining energy, you
think of analogies.
I: Tell me some of them.
S: It produces motion, can produce heat, it can
produce light, ..er.. You only really think of 
the expressions of what energy is rather than 
thinking of what energy is itself. (9.8.27)
can talk about it all day long, but it's the ... 
something abstract which you require to make 
things happen. (16.10.14)
The low proportion of students mentioning this attribute
may, of course, be a reflection of the difficulty of
enquiring into the property of abstractness. The question,
'What is energy?' would probably not probe this aspect
while, 'Is it something tangible or something abstract?'
would tend to give the student too much of a lead. In the
event, the attribute was not specifically sought but was
mentioned spontaneously by a few interviewees.
About two thirds of the students made statements which 
recognised the attribute of energy transfer. This may 
appear a surprisingly small proportion at first sight but it 
is often difficult to distinguish the accepted concept of
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energy transrer rrom tut; i j . u i u  ±. x u w i i c i m c w u i A . 
statements, indeed, could indicate either and if the two 
classifications are taken together then virtually all the 
students are represented.
Every student interviewed recognised that energy could be 
transformed into various forms. 'Heat energy1, 'light 
energy', 'electrical energy' and 'chemical energy' were 
discussed freely although the precise nature of the last two 
examples sometimes gave difficulties.
In contrast to this, only about a third recognised that the 
usefulness of energy depended to a large extent on the 
entropy of the system. Even the simple idea of energy 
available at a high temperature did not produce many clear 
statements about relative usefulness. Many of those who 
did recognise this feature did not appear to have grasped 
its full significance and regarded heat simply as waste 
energy:
... it's transferred as heat, waste, kind of like 
waste energy. (5.6.24)
energy from the internal combustion engine is 
going to be given out as heat which is- you don't 
really want it, so it's a waste. That brings you 
down to efficiency. (18.11.4)
A few students, however, did have a clear picture of thermal
energy transfer, in one case clearly deriving from careful
teaching at school:
the higher the temperature of the flame the more 
energy it can give out. (9.1.21)
Questions like this always remind me of what my 
physics teacher said about temperature. He told 
me that temperature's only a measure of the level 
of energy there is in a system. (9.4.10)
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Again, it seems likely that students well able to perform 
rigorous thermodynamic calculations do not have an 
underlying qualitative understanding of the phenomena being 
modelled by the equations. This is seen as a considerable 
loss to students 1 overall understanding of the subject area.
Energy conservation is so fundamental to the science concept 
that it is considered in a separate section later.
About a quarter of the interviewees recognised that, in many
contexts, energy is measured relative to an arbitrary
standard. The idea was often more implied than explicitly
stated but can be clearly inferred in some statements:
the importance really is what energy (the flask of 
air) has in relation to something else, the 
temperature of the room outside. (17.9.33)
the heat of formation of ethyne is quite high 
compared to the total heat of formation of two 
carbon monoxide molecules and a water molecule . . . 
and it's that energy that's given off in the 
flame. (25.3.5)
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6.5 The Purpose of Energy: Conservation and Problem Solving 
The emergence of the concept of energy.and its distinction 
from the concept of force is inextricably linked to the 
discovery of energy conservation (Elkana, (1974)). It 
could be argued that science has created the energy concept 
for two reasons. Firstly it gives a measure of the ability 
of a system to do work, although the Laws of Thermodynamics 
conspire to limit the direct applicability of this feature. 
Secondly, energy is a rigorously conserved quantity and this 
property can be directly applied to the solution of a number 
of problems. This Section, therefore, considers the extent 
to which students appreciate and use the property of energy 
conservation.
Assessing students' belief in energy conservation is not 
easy. Three levels of response can be envisaged, namely:
i. The rote recitation of the adage, 'Energy can 
neither be created nor destroyed-' ;
ii. The use of energy conservation in situations in 
which its use is suggested;
iii. The spontaneous and instinctive use of energy 
conservation in appropriate situations.
The following sections examine the extent to which these 
responses were shown by the students in the present study.
6.5.1 Energy as a Conserved Quantity
Many students quoted some form of the law of conservation of 
energy with very little prompting:
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I: Can you define energy?
S: ..um.. can't really think of ..urn.. laws such
as energy cannot be created or destroyed or ... 
things like that. (15.7.10)
I : Can you give me any important properties of
energy?
S: You can't make it ... or destroy it ... its
just there. (28.7.4)
The shallowness of these responses, however, was
demonstrated in many instances where, in other parts of the
interview, students referred to energy production or energy
use. One of the clearest of these was the following
(author's emphasis):
... neither created nor destroyed, similar, I 
suppose, to conserved ..er.. basically must be 
conserved. ... You can use it to do work as 
well, bring about changes. (14.6.7)
An open-ended interview is not a good technique for 
assessing the extent to which students use energy 
conservation as a problem solving tool. Neverthless each 
student was assessed crudely as a 'conserver' or a
'non-conserver' on the basis of the_ whole interview and 
under half were adjudged conservers. This finding agrees 
with Brook and Driver's (19 84) report that energy 
conservation is seldom used instinctively in problem 
solving. Many examples of non-conservation have already
been quoted but examples of conservation arose mostly in the
part of the interview where students were directed to more 
formal aspects of the energy concept by being asked for the 
definition and important properties of energy. Once 
directed towards the formal science view, many gave clear 
accounts of conservation and of the degradation of energy
associated with work. This finding was reminiscent of 
Solomon's (1983a) description of pupils thinking in two
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domains. Two passages will serve to illustrate m e  acxcuuc 
domain:
Its something that ..er.. cannot be created or 
destroyed and it just changes from different types 
of energy and it .. it does things like it can run 
machinery. Once this machinery sort of runs out 
it's transferred as heat waste, kind of like waste 
energy ... to heat or sound. (5.6.22)
I : What does conserved mean?
S: The total energy of the system is always the
same, no matter what you do to the system or what, 
what the system
I: So can a system not lose or gain energy?
S: ..urn., depends on the system, really, doesn't
it? If you, you consider a system to be, say, a 
test tube with an exothermic reaction in, then 
that will lose energy to the surroundings but if 
you consider the system to be the room in which 
there is somebody holding a test tube then the 
total energy of the room will basically remain 
constant. (25.10.25)
6.5.2 Energy Conservation and Problem Solving 
Students' use of the conservation law as a problem solving 
technique was studied by a written homework question set to 
a group of part-time students in the third year of a 
five-year post A-level course. The question is reproduced 
overleaf with brief answers shown in parentheses.
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232Th + 4He ----- > 235U + 1 n
i. Calculate the energy change from reactants to 
products when this nuclear process occurs. 
(1.77 x 10 " 1 2  J)
ii. Which has the lower energy, reactants or products? 
(Reactants)
iii. How is the difference of energy manifest?
4(Supplied as KE of He)
232Th = 232.1105
4He = 4.0038 la.m.u. = 1 . 4 9 x 1 0  J
235U = 235.1172 
Xn = 1.0090
The problem can be solved by applying the energy 
conservation principle:
j~energy of reactants = J^energy of products 
where the sum is over all types of energy and in this 
case is the sum of the rest mass energy and the kinetic 
energy of the nuclear particles.
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Seventeen students handed in work and, with a parn-timc 
group, the extent of collusion is usually small. The 
responses were scrutinised to answer three questions 
(results in parentheses):
i. Was the direction of the energy change correct 
throughout the whole answer? (Yes, for 12 of the 17 
students)
ii. Was energy conservation used either explicitly or
implicitly? (Yes, by 5 of the 17, all five being in
the 1 2  who gave the correct direction of energy change)
4ill. Was kinetic energy of the He nucleus seen as the 
source of the 'extra 1 rest mass energy on the right 
hand side? (Yes, by 2 of the 17, both of whom were 
among the five who used energy conservation).
The perfect hierarchical structure of these responses is 
remarkable but it is not suggested for a moment that it has 
been established as real.
Many students clearly had difficulty in assessing the
direction of the energy change in this process. In some
cases this may have been due to an instinctive .feel that
nuclear processes give out energy or it may have been
prompted by the word 'manifest' in the question:
The difference in energy is due to the release of 
the energy to the surroundings. (46.1.21)
The difference in energy is manifest by the 
release of energy to the surroundings. (36.1.23)
In both these examples, and in many others, the students
correctly stated that the reactants had lower energy than
the products.
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Energy conservation was used as a guiding principle oy unx^
five students, none of whom expressly quoted the principle,
but all of whom made statements implying conservation:
The reactants have lower energy than the products 
and therefore energy must be absorbed during the 
process. (34.1.15)
The application of the idea of energy in different forms
(i.e. a rest mass energy and kinetic energy) proved much
harder and only two students realised that the increased
rest mass energy of the products was supplied as kinetic
energy of the S^le reactant:
this energy could possibly come from the kinetic 
energy that the oC-particle has. (45.1.22)
The most likely source of energy is from the 
kinetic energy of the oL~ particle. (42.1.11)
Following the slightly disappointing results of this
homework question, the students were given some tuition in
which the energy conservation principle was emphasised and
applied to the problem. They were told that if the energy
present in all forms was summed before and after the change
then, provided no energy had entered or left the system, the
totals should be the same. They were also shown that the
totals for a nuclear process could conveniently be broken
down to rest mass energy and kinetic energy. During
subsequent tuition on nuclear processes the principle of
conservation of momentum was also introduced. As part of
their mid-sessional examination held some three months
later, the following question was set:
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The isotope *g4Po decays by o(.-particle emission to a
204
stable isotope g^Pb. The oC-particles have an energy
-13 . .
of 8.18 x 10 J. Discuss in some detail how the
principles of energy conservation and momentum
conservation allow this process to be understood.
208
Rest masses: Po 207.9813 a m u
204
Pb 203.9731 a m u
4
4.0026 a m u 
-10
l a m  u == 1.49 x 10 J
In this question, there is a loss of rest mass and the 
associated energy is distributed between the lead which 
takes 4/208 and the ^ C-partide which takes 204/208, in 
both cases in the form of kinetic energy. The 
question was answered by 22 students of whom 15 used 
energy conservation, 2 did not and two regarded the
process as a test of . the conservation law. Six
students realised that the energy released was in the 
form of kinetic energy of the product nuclei and nine
realised that the energy was divided unequally between
Pb and cL. The responses to the question appeared to 
show an improved understanding of the application of 
energy ideas to problem solving and suggest that 
specific guidance on the use of the concept in problem
solving situations may be needed. Energy as a
conserved quantity is met during school courses but
i
appears to persist from there only as the adage,
'energy can neither be created nor destroyed1. In
degree courses it is met in formal thermodynamics in
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the form of the First Law, commonly in the first year 
of the course. It appears from the present study that 
more emphasis could be placed on the simple idea of 
energy conservation as a problem solving tool. Energy 
balances could also be used to help understand topics 
such as burning, flame temperatures and radioactive 
decay. From the students 1 favourable response to 
tuition, as demonstrated in the mid-sessional 
examination question, it appears that the only 
difficulty here may be the lack of teaching applied to 
the area.
The following extracts represent reasonably acceptable 
statements from students in response to the examination 
question:
Thus for the above reaction it would appear that 
some energy has been lost, but because of the law 
of conservation of energy we know that this cannot
be so. Therefore we must assume that the energy
was converted to another form. In this case it
is due to the recoil effect. (31'.1.27)
Thus the difference in the energies of the 
products and the reactants is mainly due to the 
moving of the -particles giving an extra energy 
of E = h m v 2 , Energy is therefore conserved and 
so is momentum. (32'.1.25)
The majority of the mass loss in thiscC-decay was 
due to the KE of the He nucleus and the slight 
remainder due to the recoil effect on the Pb 
nucleus. (50'.3.10)
6 . 6  Language, Analogies and Meaning
Reference has already been made to the rather loose use of 
language in the interview situation. This was particularly 
noticeable in the product framework where energy was 
commonly stated to be 'produced' in a reaction. Probing 
this view in the second interviews soon elicited denials of
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the meaning of 'produce' and assurances of the conserved
nature of energy. During the course of the second round of
interviews it was decided to explore students' realisation
of the looseness of their language at the end of each
interview. Each student was therefore told that one of the
purposes of the second discussion was to exlore the use of
language, e.g:
I: A lot of work's been done with younger
students - 13 or 14 year olds, and I've found that 
undergraduates tend to use similar words to 
younger ones and I'm wondering whether they 
actually believe what they're saying or whether 
they're using the words as an analogy and mean 
something different. (24'.4.25)
No student denied this suggestion, some simply accepted it
and contributed very little to the ensuing discussion, but a
number clearly recognised it as a good description of their
use of language. Some interesting amplifications of the
original suggestion then emerged:
S: I'm not sure what you mean about the
complexity or the simplicity of the language.
I: I'm talking about the _ simplicity, regarding
energy and heat as tangible substances that flow 
into things.
S: Well, obviously when you're quite small
there's no other way to teach you and give you 
something to, well, give you analogies to compare 
things with real life. I mean, it's quite hard 
to imagine things that are not there. (24'.5.33)
It's a lot easier writing things down as well, 
because you can have a look at what you've said 
and go back over it. Its- you know, when you've 
said something, you kind of forget it, you can't 
remember. (29'.5.9)
You just say things you don't mean because
otherwise it would take so long to say it.
(25'.5.8)
Well I think people, especially me, are rather
sloppy about words and we go on the theory that
people will know from its context what you mean,
which is not always true. (22*.6.17)
It's very hard to turn around and forget all- the 
way you've always spoken and the way you've always
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phrased things, even though you now Know tuau 
they're wrong. (22'.6.29)
A number of points emerge from these extracts. Simple
analogies are used in early teaching to help understanding,
and these persist quite tenaciously despite advances in the
real understanding. It seems that the development of
understanding proceeds ahead of the development of precise
language in some cases. Students may not see any
difficulty or danger in this because it will be assumed that
communication between peers will be understood as a result
of a mutual understanding of the context. Finally the use
of analogies is often more economical of words than the use
of more precise but lengthy and pedantic language. In
adopting these strategies of communication students are
really doing no more than many academics and text book
authors. It is not difficult, for instance, to find
evidence of Watts' (1983) alternative frameworks in the
writings of distinguished authors who undoubtedly have a
clear understanding of the nature of the topic but who wish
to avoid turgidity and to keep the length of their books
within reasonable bounds.
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CHAPTER 7
Conclusions/ Discussion and Teaching Implications
7.1 The Research Questions
In Chapter 4 (Section 4.5.1) a number of research questions 
were posed. The answers to many of these are contained in 
Chapter 6 but the present section aims to give formal 
concise answers to each question before the discussion of 
wider issues which will form the bulk of the chapter.
i. Question la. To what extent do undergraduate students 
verbalise alternative frameworks of energy, either those 
identified previously or others?
This question is best answered in tabular form:
Framework Proportion of 
student sample
Extent 
of use
Human centred <1/2 low
Ostensive 2/3 low
Depository 3/4 medium
Triggered ingredient 2/3 medium
Product all medium/high
Fluid transfer all high
Functional all high
Stability 1/2 low
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ii. Question lb. Do students’ responses to mtei v i e w  
situations indicate a view of energy closer to the accepted 
concept than that identified in younger students?
Yes. It is clear that the views held are quite close to 
the accepted concept, particularly where an alternative
framework is strongly related to an attribute of energy.
iii. Question lc. How strongly do undergraduates hold a 
view unrelated to the accepted concept of energy?
Students do not, in general, distinguish between path
functions (such as work and heat) and state functions
(notably energy). They thus equate heat with energy. 
When work is done they see this as being done by the energy 
and not by the system; in some cases (see section 6.3.4)
they see energy as being associated with a process rather 
than with the state of a system. Some also associate
stability and the direction of change with a release of 
energy. These views appear to be firmly held by a 
significant number of students.
iv. Question 2. To what extent do statements indicate 
that the alternative frameworks expressed by undergraduates 
are:
a. reflections of their true belief;
b. used as analogies to the accepted science concept;
c. the student's best effort at verbalising the
accepted concept?
For most frameworks, the students' statements are either 
analogies or best efforts at verbalising the accepted 
concept. For the functional and stability frameworks, 
however, students do appear to hold the views stated.
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v. Question 3. To what extent do undergraduates make use 
of the attributes of energy which are:
a. related
b. unrelated
to commonly expressed alternative frameworks?
This question is best answered in tabular form:
Attribute Proportion of 
student sample
Related:
i. Capacity to do work 2/3
ii. Abstract physical quantity 1/4 (but hard to assess)
iii. Transferrable 2/3
iv. Transformable all
Not related:
v. Diff. degrees of usefulness 1/3
vi. Conserved <1/2
vii. Measured relative to a std. 1/4
The first four attributes are related to alternative 
frameworks of energy or to the everyday use of the term. 
The last three attributes arise from the science concept of 
energy. It does appear that those attributes unrelated to 
the everyday use of the concept are mentioned by fewer 
students.
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vi. Question 4a. Are there any clear misconceptions 
identifiable in undergraduates' understanding of the areas 
of chemistry discussed?
Yes. Significant numbers of students consider that:
a. Breaking a chemical bond evolves energy.
b. Hotter objects have more energy regardless of mass.
c. Boiling a liquid involves breaking its chemical 
bonds.
d. The reaction coordinate covers the total reaction 
timespan.
vii. Question 4b. If so, can reasons for these 
misconceptions be identified?
Yes, in some cases:
Students consider that breaking a chemical bond evolves 
energy because:
a. Bond energy holds atoms together.
b. The reactivity of multiple bonds shows them to be 
more 'energetic1.
c. When a strong bond is finally broken its energy is 
released (activation energy model, section 6.2.1).
Some students consider that hotter objects have more energy 
because energy is proportional to temperature.
Some students consider that the reaction coordinate profile 
covers the total reaction timespan because reactions appear 
to start slowly, become more vigorous and then die down.
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viii. Question 4c. Are these reasons examples of broader 
categories which could help understand the difficulties of 
learning science concepts?
Yes. The functional view of energy is essentially one in 
which energy is positive so the direction of an energy 
change is not always explicitly considered.
Confusion between thermodynamic and kinetic criteria may 
lead to inappropriate explanations of chemical observations. 
Related intensive and extensive properties may be confused 
and lead to inappropriate explanations.
Some phenomena are seen as related to molecular properties 
rather than to the properties of bulk matter and 
intermolecular forces.
Many students have a poor qualitative appreciation of the 
particle model of matter and frequently seek out an 
algorithm or formula rather than attempting an explanation 
based on models. They also tend to have a poor sense of
the scale of molecular phenomena. _ .
Students do not distinguish state functions from path 
functions.
Students tend to fragment their knowledge and to seek 
explanations in one part of a complex system rather than by 
considering the whole area.
ix. Question 5. What implications for teaching arise 
from the answers to the previous questions?
This question is considered throughout the present chapter, 
so no brief answer will be attempted here.
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7.2 Teaching Implications of Alternative Frameworks 
Alternative frameworks seem to be a mixed blessing. On the 
one hand those attributes of energy which are closely
related to alternative frameworks appear to be well 
understood and frequently applied by undergraduates. On 
the other hand, the functional framework, by emphasising 
energy as an essentially positive idea, may contribute to 
misunderstandings related to the direction of energy 
changes. The attributes of energy unrelated to any
alternative frameworks are applied only infrequently by 
students. It does appear, therefore, that everyday
knowledge is something to be built on in teaching, and 
alternative frameworks can be refined along the continuum 
proposed in Chapter 2 until the resulting understanding is 
very close to the accepted concept.
When teaching a new concept, therefore, a clear 
understanding of students' existing, knowledge is vital. 
The present work suggests that a science concept may have 
attributes which can be placed in one of three groups:
a. Those closely related to alternative fram^feworks or 
students' prior knowledge (e.g. transferrability and 
the fluid flow framework).
b. Those which are at variance with students' 
alternative frameworks (e.g. the abstract nature of 
energy compared to the functional framework).
c. Those which are unrelated to any alternative 
frameworks and are a feature of the science concept 
only (e.g. different degrees of usefulness, 
conservation).
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In those areas where the attributes of the science concept 
and the alternative frameworks are closely related, the 
frameworks may represent helpful analogies to the science 
view. Existing knowledge can then be developed and moulded 
towards the more rigorous attributes of the science concept. 
Teachers must, however, be aware of those aspects of
alternative frameworks which can lead to distinct 
misconceptions (for instance the functional framework of 
energy). A teaching strategy here is much harder to
suggest. Alternative frameworks are persistent and
difficult to change. Even after considerable tuition
students may still retain the original idea. It may be 
possible to demonstrate a logical i^nconsistency of
viewpoint which will lead to dissatisfaction with the 
existing concept or framework (Hewson (1981)) and aid its 
rejection. At the very least, teaching strategies will be 
better informed if the problems which may arise from prior 
knowledge are tackled consciously. Finally, some
attributes of the science concept may not be reflected in
the everyday knowledge which students bring to their 
courses. The importance of these attributes must receive
special attention in teaching and it is here that the social 
constructivist model discussed in Chapters 1 and 3 may be 
helpful. Attributes of a concept unrelated to everyday
knowledge must have been invented by the science community 
for a purpose. Teaching which emphasises applications and 
broadens the students' concept in a purposeful way is likely 
to be more readily received than a less applied approach.
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7.3 Teaching Implications of Misconceptions
Students will inevitably construct their own meaning from 
the tuition they receive. They will make links to 
knowledge they already have, and they will ascribe 
properties and attributes to newly-met concepts. In many 
cases these constructed meanings and links will be perfectly 
acceptable to allow problems to be solved, examinations to 
be passed and the physical world to be explained. In other 
cases, however, the meanings and links, although appearing 
to be sensible to the student, will be substantially at 
variance with the scientific model and may give rise to 
considerable difficulties later. The First Law of 
Thermodynamics, for instance, which relates energy, heat and 
work, must be clouded in some mystery for a student who 
regards heat and energy as synonymous.
The teacher's job, in this situation is simple to state: it
is to guide the student to construct for himself meanings 
and links as close as possible to those of the accepted 
science concept. Achieving this is not always easy, but a 
few pointers can be suggested. Some misconceptions are 
already formed or part-formed by the time a student reaches 
Higher Education. Here the problem is one of correction. 
In other cases it is one of prevention. Correction by 
simply overlaying with correct teaching has long since been 
shown to be inadequate; students1 ideas are far too 
persistent for this strategy to be successful. The
correction of established misconceptions will only be 
achieved if it is a goal to be consciously sought as part of 
an overall teaching strategy. A misconception has been
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identified in this work as a piece of false logic or an 
erroneous link in a chain of argument. It seems unlikely, 
therefore, that a misconception will be susceptible to 
gradual refinement towards the accepted view; there must, 
rather, be a sudden realisation on the student's part that 
his views are mutually inconsistent. A number of methods 
can be suggested for achieving this end. A simple tutorial 
discussion exploring the logical consequences of certain 
views is one possibility. Alternatively, two mutually 
contradictory statements could be shown to students and a 
simple vote taken as a stimulus to discussion. Statements 
arising from students' own views would form a good basis for 
this type of approach, e.g.
'Energy's needed to break two bonded atoms apart.'
'Energy's needed to hold two atoms together.'
The ensuing discussion could then explore the nature and 
attributes of energy relevant to the topic area.
The prevention of new misconceptions may pose different 
teaching problems. Here the objective is to encourage the 
formation of appropriate mental links and to discourage the 
formation of inappropriate ones. The broad generalisations 
identified in answer to question 4c may help here. A 
concept taught in isolation will be linked by the student to 
other ideas already held; these links may or may not be 
appropriate. A concept taught in its context, emphasising 
wider implications and connections, is more likely to be 
assimilated into a cognitive structure akin to that of the 
scientist.
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A number of devices can be suggested to achieve this end. 
Mathematical equations can frequently be expressed 
graphically or verbally to increase their meaningfulness; 
constants can be amalgamated to further simplify an
apparently formidable expression. Devices such as Venn 
(Euler) diagrams, concept maps and diagrammatic summaries 
prepared by students can both aid the construction of 
meaning and serve to indicate to the teacher some of the 
details of the student's thought processes. A relatively 
small number of broad-ranging themes can serve to unify and 
relate many areas of chemistry. Such themes include the
appropriate choice of thermodynamic or kinetic explanations 
of an observation, the distinction between intensive and 
extensive properties and the distinction between bulk, 
molecular and reaction properties. If these themes are 
continually emphasised during teaching it is more likely 
that students will incorporate new teaching into appropriate 
cognitive areas. . ,
The primary message to come from all the work on 
misconceptions and alternative frameworks is that teachers 
must listen to students, try to understand their views, and
use these as a starting point for further guidance. The
challenge for todayis teacher is to understand the thought 
processes of students, to work from those and sensitively 
to guide their reconstruction so that each student achieves 
a unified and meaningful understanding of science.
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7.4 Teaching the Energy Concept: Some Suggestions 
The most rigorous views of the concept of energy are taught 
within the subject of thermodynamics which is our ultimate 
model of phenomena such as chemical change, phase change and 
equilibrium. It is possible to establish a less rigorous, 
more qualitative model of these phenomena via the concept of 
energy as a function of state describing the capacity of a 
system to do work. Such a model could provide a valuable 
introduction to formal thermodynamics, introduce some of the 
attributes of energy which are not readily perceived and 
still not encourage the formation of misconceptions. The 
three attributes not readily perceived by students are the 
fundamental one of conservation, the different degrees of 
usefulness of energy depending on the entropy of the system 
and the fact that energy is normally measured relative to an 
arbitrary standard. It should be possible to devise a 
teaching scheme to qualitatively describe a number of 
chemical phenomena in terms of an energy change model and, 
at the same time, to introduce these three attributes of 
energy. Such a scheme would provide a good basis for 
teaching formal thermodynamics and provide the valuable link 
discussed in section 6.2.4 between the formal mathematical 
model of thermodynamics and the qualitative phenomena being 
modelled.
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7.5 The Distinction between Alternative Frameworks and
Misconceptions
Throughout this thesis it has been maintained that a
misconception is qualitatively different from an alternative 
framework. A link has been demonstrated, however, between 
the functional framework and some misconceptions regarding 
bond energy. The view that stability is achieved by a
decrease of energy could be regarded as a misconception 
(since stability and change are governed by entropy, not 
energy) or as an alternative framework (since for many 
closed systems energy and Gibbs free energy are similar in 
magnitude). It is my view that the 'stability' framework 
should be regarded as an alternative framework since it can 
be refined towards the accepted concept rather than having 
to be refuted by a logical argument.
There are many areas of knowledge in which alternative 
frameworks could be a feature of. students' views. The 
existance of misconceptions, however, implying an erroneous 
link between right and wrong also implies a view of 
knowledge itself in which 'right' can be distinguished from 
'wrong'. In many areas of physical science this degree of 
certainty does characterise the accepted view, so it is 
possible to postulate a distinction between alternative
frameworks and misconceptions. In other areas of
knowledge, however, it may well be the case that the concept 
of a misconception cannot arise because the conclusions 
reached by logical arguments cannot be demonstrated to be 
false.
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Finally, even in physical science, there is always the 
possibility of a major upheaval akin to Einstein's theories 
which will revolutionise our accepted theoretical framework 
and invalidate the present views of the subject. Such a 
major change would, of course, necessitate a re-evaluation 
of the conclusions about both alternative frameworks and 
misconceptions.
7.6 Suggestions for Further Research
It tends to be a feature of research that more new questions 
are raised than old ones are answered. The present work 
raises a number of areas where further research would be 
interesting and valuable. There are many more concepts 
which could usefully be studied with undergraduate students 
and a systematic programme of work could readily be devised 
along these lines. Some particular areas, however, suggest 
themselves more than others. None of the work reviewed in 
Chapter 1 specifically considered the relative 
classificatory aspect of concepts. Concepts such as acid, 
base, oxidising agent and reducing agent are not absolute 
but relative. One substance may be more acidic or more
basic than another but it is not possible to classify a 
substance absolutely as an acid or a base. Students' 
understandings of this appear never to have been researched. 
The relationship between phenomena and models also 
discussed in Chapter 1, appears not to have been
systematically studied and it would be interesting to see if 
the hierarchical relationship argued earlier was perceived 
by students. In this connection the phenomenon of
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'change', (physical change, chemical change, reversible 
change, irreversible change, etc) would be an interesting 
vehicle since it would relate to the 'stability' framework 
described in the present work and would also relate to the 
attribute of energy having different degrees of usefulness 
depending on the entropy of the system Change as a 
phenomenon is modelled in a number of ways, both qualitative 
and quantitative, and a systematic study of students' 
perceptions of the reasons for the different types of change 
would make an interesting study highly relevant to chemical 
education.
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APPENDIX A
Set of Cards used as the Basis of First Interviews
Slightly reduced photocopies of the original 6" x 4" 
cards used to focus the discussion. The design and
development of the set of cards is described in Section
5.3 on page 88.
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APPENDIX B
Letter of Confirmation of First Interview
The letter handed to students agreeing to take part in 
the study to confirm the time and place of the interview 
and to assure each participant of confidentiality.
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Guildford Surrey GU2 5XH Telephone (0483) 571281 Telex 859331
Department of Educational Studies
Head of Department; Professor D. E. James
CONCEPTS IN SCIENCE - RESEARCH PROJECT
I am a Chemistry lecturer at Kingston Polytechnic, currently on study 
leave at the University of Surrey. I am working on a project to study 
students’ understanding of various concepts important to a full 
understanding of chemistry. This involves talking to students, individually, 
for about half an hour each, and recording the conversation on tape.
I subsequently transcribe the whole tape (awful job!) and try to 
interpret the student.1Ls views of the chemistry we have discussed.
The aim of this, and similar work, is to build up a picture of the 
way in which students learn chemistry, the difficulties they may have 
with the subject, and any widespread inconsistencies in their 
understanding. From this knowledge, it should be possible to improve 
the quality of chemistry teaching in Higher Education and, hopefully, 
ease some of the difficulties experienced by students.
Thank you for agreeing to give up some time to help with this 
work. Please let me assure you that the discussion will be kept 
completely anonymous, and nothing in it will be used to influence 
your progress in any way. X may, however, use some extracts to 
illustrate points in publications, lectures, or a thesis. If so, 
there Will be nothing in the extract which will identify you.
I look forward to seeing you at .....am/pm on 
in room ....
Alan Vincent
APPENDIX C
Two Transcripts of First Interviews
Verbatim transcripts of two first interviews using the 
set of cards in Appendix A.
Student number 8 pages 164 - 173 „
Student number 15 pages 174 - 185 
A transcript of the follow-up interview with student 
number 15 is given in Appendix E.
The author's questions etc are indicated by I: (Interviewer)
The Student's responses are indicated by S: (Student)
Other conventions are as described in Section 5.6 on 
page 94.
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Energy Interview 
Student Number 8 
20th November 1984
Is The first one's just a household gas fire. Can you
tell me if energy's involved in that?
S: I'd have thought so ..er.. chemical energy going to
heat energy. I'd have thought was the only sort of ..er..
I: What's chemical energy?
S: er... energy produced by breaking bonds ...er... things
like that
I : You say going to heat energy
S: Yes that's what the idea of a gas fire is (laugh)
I: Yes Right ho. There's a somewhat similar one in some
ways, a man doing some oxy acetylene cutting. Any energy 
involved in that?
S: I should think so, chemical again. Thought that was
the main part of the energy involved, in that.
I: Tell me more about the chemical energy.
S: er.. well the acetylene's reacting with the oxygen I
suppose to give ..er.. carbon dioxide and water to give
producing heat.
I: Yes, there's the equation for it. Anything to add?
You said, I think, breaking the acetylene bond.
triple bond.
I: There's the carbon - carbon triple bond energy,
acetylene bond, I suppose,
S : ..m m ..
I: What does that do?
S: ..er.. Releases the energy from the carbon - carbon
compared to a carbon - carbon single bond energy. What does 
that mean?
S: ..er.. Well it isn't just three of the single bonds put
together to make the triple bond. If you break three of
these - those ones - you get more than that one (mutter) one
of those, I suppose.
I: I see there's the equation for burning ethane as
opposed to ethyne. Which flame do you think would be
hotter, higher temperature, ethane or ethyne?
S: Ethyne.
I : Why do you say that?
S: Bond energies involved are higher in the ethyne case.
I s Which bond energies?
S: The C-C bond.
I : Right ho, thank you. Now there's a case from long ago
the electrolysis of water. Any energy involved in that?
S: ..urn.. Electrical energy stimulating the breaking of
the hydrogen- the water into hydrogen and oxygen.
I: What's electrical energy?
S: ..er..um.. Definition, difficult, passing electrons
through things seems to transfer it, so it must be something 
to do with electrons.
I: Can you tell me more about the idea of transfer of
energy?
S: ..mm.. What, in the electric, electricity?
I: Yes, in this case.
S: In this case the transfer is build up of charge on one
as opposed to the other and the ions of one type go to one 
end and the ions of the other type go to the other end, in 
other words different charges.
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I: Right ho, thank you. Now I've got two blocks of iron
there, one is 15 kg and that's at 400 Kelvin, the other's 
ten times as much iron, 150 kg but only at 200 Kelvin.
Which of those has more energy?
S: . .  _____  150
I: You say the 150 kg one. Why do you say that?
S: You've got ten times as much, you've only got double
the, oh, half the temperature.
I: So how do you calculate the energy?
S: .mm.. Find out, well, I suppose you could find out the
number of atoms of the iron in each and if you said, say, a
certain amount of energy went through each iron atom and 
then worked out for the same amount there, double the amount 
of what it is in the 200 case, you could find out, I
suppose, that way.
I: What would happen if you put those two blocks in a room
at room temperature, at, say, 300 K?
S: They'd equilibriate to the room temperature, I suppose.
I: What would happen to the energy?
S: .er.. Transferred to the ..urn., room, I suppose.
I: Would either block lose or gain energy?
S: I suppose the one at 200 K would probably gain and the
one at 400 would lose.
I: Now you said the one at 200 had more energy in the
first place, so you're saying that the one that has more 
gets more and the one that has less loses some.
S: . .urn..
I: Can you tell me why that is? I agree with you.
S: Ah It's just putting reasons to it ..........mm..
mental block about that one....
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I: What's the problem?
S : I dunno ..- why it gains more than the one that’s
..ah., got more ...urn...
.Is No. don't worry if there's no immediate reason.
There's a nuclear power station.
S: Oh Dounreay
I: Yes, can you tell me if any energy's involved there?
S: I should hope so, otherwise it wouldn't be economic
..er.. you've got the breaking up of atoms effectively to 
produce energy from the various, well, due to the binding of 
the nucleus, you get break up of a nucleus and that binding 
energy's let loose which they use to ... to, they get heat 
out of that and. then they transfer that to electrical 
energy.
I: All right. There's a nuclear fission reaction of the
sort which is going on in that power station....
S: Well, you've got the neutron hitting the uranium and, I
suppose, making it break up to give the, break the binding 
energy out.
I: Do you know an equation which relates the binding
energy?
S: What to mass?
I: Yes.
S: E = m c squared
I: What do those symbols mean?
S: ..er.. c is the speed of light, E, m is the mass, the
energy of ... say, start again. Say an object has mass m 
then the energy associated with that mass is equal to the 
mass times the square of the speed of light.
I: Yes, and how does that apply to this equation?
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S: ..mm.. If you look at the mass lost, total up the mass
there to the mass there, see the mass lost you can work out 
the energy from that equation ... which you're getting from 
each fission.
I: So you look at the mass on the right hand side compared
with the mass on the left hand side? You say there's a 
mass lost. Which side is heavier?
S: That side
I: The left hand side is heavier.
S : Yes.
INTERRUPTION
I: ..urn.. You were saying...
S: That side is heavier.
I: The left side is heavier than the right. By much or
not much compared to the 236 on the left to start with.
S: ..er.. Not a great deal.
I: Right ho. Does E = m c squared apply to that chemical
equation?
S: Yes but the amount of mass lost is very very small.
I: How small, compared to the 16 mass of an oxygen atom?
S: I should think less than 0.1 even.
I: Yes, right ho. There's the experimental set-up for
producing a hydrogen atom spectrum. You pass electricity 
through a dicharge lamp, analyse the light in a spectrometer 
and get the atomic spectrum of hydrogen. Can you tell me 
about any energy involved there?
S: ..er.. The energy from the hydrogen discharge which is
actually electrical energy, passing electrons between one 
part of the tube to the other is ..er.. exciting the 
electron in the hydrogen atom to move between various levels
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and when it moves between various levels it gives off
energy. When it comes down from a higher level to a lower
level, from the excited to the normal level, and the light
given off is ... the ... energy given off as it comes down 
from the various levels, levels of the hydrogen atom.
I: There are the levels in the hydrogen atom. Can you
give me an example?
S: Ah ... say it's at the base state, I suppose, and
..er.. the light getting through shot it up to the third
level, then as it came down again to number one, the energy
between those two levels would be equivalent to the amount 
of energy in the light given out.
I: What do you mean by the energy between those two
levels.
S: ..er.. Well, if you can give it an energy to that level
and an energy to that level, then the difference in energy
between those two levels would be equivalent to the amount 
of energy given off in the light.
I: I see, and how do you find the energy of the light?
S: .urn.. It's h nu, I think, Hubble constant times the
c
frequency. hubble constant? No, wrong one ..er.. Plain's
constant, is it? 
c
I: Planjk's constant.
S: That's it.
I: And nu is the?
S: Frequency.
I: Frequency of light, that's it, thank you. Can you
define energy, or alternatively give me some of its 
important properties?
S: ..er.. Well its proper property is it can never be, its
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the same as mass, it can only be changed, it can never oe 
destroyed ..er.. can be converted from, say, electrical to 
heat or heat to electrical, chemical etc between the various 
forms but you can never really destroy it, well you can 
change it into mass, with difficulty ..er.. define it. 
That's rather difficult. I suppose it's most important 
property is it can't be destroyed and it's 
interchangeability.
I: OK. What units is it measured in?
S: Various ..er.. oh, no, .urn.. Joules, can be measured
in Joules.
I: Yes, does that help with the definition?
S: Something to do with the ability to do work ..er..
I: OK. Well that's some ideas there. I've got a flask of
air at 20 degrees, is there any energy involved there? I
mean in the air not the flask.
S: .er.. Motion of the air particles, I suppose. Just
the sort of random, the movement of the air due to the 
temperature.
I: What do you mean by the particles?
S: The air in the flask - always moving around, so
there's, they've obviously got energy, 'cos they're moving 
(mutter).
I: What do you mean moving around? Like wind, or..?
S: ..er.. No just movement of the ... gas. Just natural
movement, random movement in the flask.
I: There we've got some liquid water going to steam at 100
degrees. Any energy involved there?
S: ..urn., you need to put in energy to make it go, I
suppose, heat of vaporisation or something like that. Have
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to put it in, yes.
I: Even though you’re not increasing the temperature?
S: Yes, because you're changing the state from liquid to
the gas.
I: Why does it need energy to change state?
S: ..er. because the order's in the liquid, even though
in a random way and you'd have to totally disassociate each 
of the different molecules to produce the steam so they're 
all sort of jumbled around and moving all over the place, 
not connected.
I: You say they're more ordered in the liquid?
S: Well not necessarily ordered but .er.. they're more
associated with with their near with their partner molecules 
than their adjacent or neighbour molecules whereas in the 
steam they're totally, sort of, dissociated from each other, 
you know, each single one is a part on its own.
I: So do you have to supply energy to make them more
disordered?
S: Yes.
I: All right, there's a similar one, benzene and
chlorobenzene have very different boiling points. Is there 
an explanation in terms of energy?
S: I suppose you could say the energy you need to move a
molecule of that as opposed to a molecule of that is higher
because that's heavier.
I: What do you mean, move?
S: Well ..er. boil it or something like that, to move
each other, move the ones from each other, it's due to van 
der Waals forces, I think. Just the attraction between two 
objects which have mass.
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I: Why is there an attraction?
S: ..er.. I dunno ... There isn't (mutter) immediately
come to mind.
I: Right ho. The very last one is an aromatic nitration
which goes very slowly at 20 degrees but is complete quite 
quickly at 100 degrees. Any reason for that in terms of 
energy?
S: ..er.. I suppose ther's some sort of energy barrier
which you have to overcome by putting the temperature up, so 
by putting the temperature up you get over the energy
barrier in producing that, 'cos it doesn't really want to go 
on there.
I: What's an energy barrier?
S: ..er.. ..mm.. I can see a diagram. It's the energy you
need to ... The intermediate which this goes through is not
very energetically favourable at 20 degrees, in other words 
its not, ..er.. how to put it ... This reaction goes through 
an intermediate, now the intermediate,which it goes through 
is more stable at higher temperatures than it is at lower 
temperatures.
I: I see, why is that?
S : . .urn. . . .urn. .
I: When we were talking about the gas in the flasks, I
think you said all the molecules were moving.
S: Yes.
I: Are the molecules here moving?
S: Yes, they are, they are moving more at the higher
temperature which could be something to do with why it's 
more stable, but I can't think why.
I: Are they all moving at the same speed?
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S: What, the molecules or the atoms?
Is The molecules.
S: I should think so, give or take a little bit.
I: And what happens as the temperature goes up?
S: They'll all move quicker. It's not that the
intermediate doesn't last long enough at the lower 
temperature. At the higher temperature everything goes 
quicker so the intermediate lasts long enough to produce the 
final product.
I: Right ho. Thank you very much.
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Energy Interview 
Student Number 15 
30th November 19 84
I: The first one's just an ordinary household gas fire.
Do you think energy's involved in that?
S: Well you've got electrical energy
I: Sorry, it's a gas fire
S: Oh sorry! (laugh) Well you've got heat energy being
involved and light energy and so on.
I: How does that come about?
S: ...urn...its the burning of the gas, produces flame
which heats up the...the element or whatever, that's inside 
which produces light and heat (mutter)
I: There's a chap doing some oxy acetylene cutting. is
there any energy involved in that?
S: Well, you've got the same sort of, you've got ...urn...
heat and light energy (mutter) You've^ also got the man using
energy, his own energy to, to work the lamp ...urn...
I: There's the equation for the chemical reaction that's
going on - burning acetylene. Can you add anything with 
that equation in mind?
S: ...Well, obviously the reaction takes in energy on
...urn... the oxygen reacts with the acetylene. It's going 
to produce, I -don't know, produces or absorbs, gives out 
energy. I'm not sure. I'm sorry, must give out energy 
...um...
I: You say it gives out energy?
S: Well, there's bonds being broken and formed so there's
obviously some energy change, not quite sure. It gives out
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energy or takes in energy initially.
I: What do you mean initially? ... Are there different
stages?
S: Well, could be. I'm not sure if there is, mind you to
absorb some energy, first of all...in order to, to have 
enough energy to,to react and then eventually when, it'll 
give out energy
I : There's the equation for burning ethane as opposed to
ethyne. Which of those two, if they were burning as flames 
would be a hotter flame.
S: ... I can't really tell.
I: Don't know? no ( S laughs) not desperately important.
What do those bond energies mean to you? Its for the 
carbon carbon single bond and the carbon carbon triple bond, 
S: It means this bond is a lot, the ethyne bond, the
triple bond is a lot stronger than the ethane bond. A lot 
more energy is required to break the bonds between the atoms 
because there are three bonds instead .of one.
I: Yes, I'd agree with that. There's more energy needed
to break that bond than the other one. If I now told you
that the ethyne burned with a much hotter flame than the
ethane...
S : Because the energy used to break the bond is converted
into the energy, the heat. Its given out in heat. Is that
right?
I No, I'm asking you! (laugh) The enjrgy needed to break 
the bond, I think you said.
S: Yes, it's going to be higher.
I: Do you mean this is energy which is being put in?
S: No. As the bonds are broken, energy's given out.
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I: Oh, I see
S: That's what I mean. I didn't mean that at first but
that's what I really mean ... I'm not really sure.
/
I: No, a lot of people aren't. Right ho, well, let's
leave that one, but I will come back to it because you are 
obviously a bit in two minds and this is partly my fault. 
Electrolysis of water. Any energy in that?
S: Well you've got the electrical energy from the supplies
from the mains or whatever ...urn... I suppose the movement 
of the bubbles through the water is obviously going to 
require some sort of energy ...urn...
I: What's electrical energy?
S: ... I'm not sure but it seems to be all the work done
by the electrons as they move through the circuit.
I: mmm, fair enough
S: Its not my strong point,
electricity, at all (laugh)
I: Two blocks of iron there. One is 15 kilogrammes at 400
Kelvin, the other one's ten times as much but only half the
temperature. Which one has more energy?
S: ...urn... it's my mental arithmetic. I'm sure there's a
sum in this.
I: What sum are you trying to do?
S: Well, isn't it something to do with the mass, the
temperature and the heat capacity? So you multiply the two, 
the mass by the temperature times the heat capcity which 
will be the same for both of them, but I can't work out 
which is the biggest at the moment.
I: 150x200 is more than 15 times 400
S: Well in that ... oh, I say this one's got more energy
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in that case
I: You'd say the bigger one's got more energy.
S: Yes. I'm not quite sure of the equation I'm trying to
use I can think of something, m C theta but I'm not quite
sure what the other thing, what it equals to.
I: OK, we'll say then that the large one has more energy.
I would, in fact agree with that, I'll accept that. What
would happen now if you put the two blocks into a room at 
300K?
k
S: They've got to adjust to the, gradually to the
temperature of the room. It's gonna, the larger blocks 
gonna gain heat and I suppose the other one will lose it 
eventually over time.
I: What about energy?
S: The larger one will still have more energy.
I: What about gaining or losing?
S: Sorry?
I: Will either of them gain or lose energy?
S: .. Well if it loses heat energy. If one of them
becomes cooler its going to be losing heat energy and if the 
other one gets hotter its going to be gaining energy to the 
surroundings.
I: Right ho, so the one with more energy, the big one, you
say will gain energy and the one with less energy will lose
some of what its got?
S: (laugh) Yes. That's what I'm trying to say, yes. I'm
not sure if it's right.
I: OK. Well I'll accept that, but why is it?
S: Why does the small one lose energy? ...urn... simply
because the surroundings are colder, and its going to form
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an equilibrium with the surroundings which will I suppose, 
gain a little bit of energy.
I: Yes, ... you don't want to go beyond that, just
S: No, I can't j
I: Reaching an equilibrium.
S: Yes
I: Right ho. Something quite different, a nuclear power
station. Any energy involved in a nuclear power station?
S: Well I suppose you've got all sorts. You've got light,
heat evolved, electrical power being generated ... kinetic 
energy from the machines that are working inside plus 
..urn... chemical energy from the reactions that occur and 
produce heat ...urn. potential energy, I suppose.
I: Do you know what reactions are occuring?
S: urn... yes, you've got one of the isotopes of uranium
being bombarded with ...urn.. ..urn., not quite sure, gamma 
rays or something like that and then decomposing into a 
stable isotope, no another isotope anyway and some 
neutrons.
I: Yes, in fact it's a process something like that where
the uranium's being bombarded with neutrons and splitting
up.
S: Oh yes more neutrons are being produced, yes.
I: Would you like to comment on the energy involved in
that process?
S: It's going to require quite a lot of energy to extract
the neutrons from a neucleus. ..urn...
•I: Is there an energy change in that process?
S: Well overall I imagine heat's being given out so, it's
exothermic.
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Is Do you know an equation which would allow you to 
calculate the amount of energy in that?
S: ...um... What, for that particular equation or just for
a general equation?
I: General equation for that type ... sometimes called the
Einstein equation
S: er... E = ...um... l/2mc squared, is that it?
I: Something like that, yes
S: Something like that?
I: It's all of me squared actually.
S: Oh (laugh)
I: What do the symbols mean?
S: E's the energy, m's the mass, I think, and c's the
speed of light. Is that it?
I: And how do we apply it to that equation?
S: ...um... Well, I mean, the speed of the light's
constant so it's going to be dependant on how the mass
changes. Looks as if it's the same, I.'m not sure
I: What looks as if it's the same?
S: Well, I'm trying to add up these things
I: Oh I see they do both add up to 236, but that's only
the nearest whole number, decimal points might well differ 
S: Yes it would depend on that, I suppose, the difference
...in the mass on each side ... of the equation 
I: Yes, and which side will have the greater mass?
S: Which side'll have the greater mass?
I: Yes
S: ...um... This side
I: The left hand side, so it's going to be something
lighter.
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S: So that m is negative and E is negative.
I: What is the significance of E being negative?
S: That means that energy's being evolved.
I: I see, Does E=mc squared apply, do you think, to an
ordinary chemical reaction like that?
S: No, because it depends on the bonds between the atoms
whereas these are just, like, single atoms ...um...
I: So you feel it only applies...
S: I suppose (mutter) the mass adds up to the same in
these equations, it isn't changed, overall it balances each 
side so can't see how it can have any effect.
I: No, right ho. You may have to think back a while for
that one. It's the equipment for producing a hydrogen atom
spectrum. An electrical discharge is passed through
hydrogen and the light is analysed in a spectrometer and 
produces the atomic spectrum of hydrogen. Can you tell me 
anything about any energy involved in that?
S: You've got the ... the electron in the hydrogen ...
will, well the one electron in the lowest orbital being 
excited and raised to higher states and ..um.. each 
transition's ... is going to be equal to a certain amount of 
energy which is equivalent to a certain wavelength of light 
and ..u m ..
I: There are the energy levels. Can you give me an
example of this?
S: Well, for example, it's going to be, starts off with
... electron's in the lowest level and it will absorb this 
amount of energy to get to the second level ... the energy's 
related to the light, the frequency of the light by E=h nu 
..um.. I'm not sure it isn't actually when it jumps from one
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level to the other. I think its when it goes back to the 
ground state that the energy is evolved.
I: What energy is evolved?
S: The energy difference between these two levels is ...
the energy's lost when it returns to the ground state.
I: I see and how's that related to the light?
S : ...um...
I: What do these symbols mean, here?
S: E is energy, h is Plank's constant and nu is ..um..
frequency of light
I: Yes, so what is the energy in that case ... you may
have said it already.
S: I don't follow that, actually, sorry.
I: If we take one particular emission of light of one
particular frequency, what is the energy that corresponds to 
that in these pictures?
S: It's going to correspond to a difference between
various levels either it'll be from the third to the second
or the second to the first or fourth and the third (mutter)
these various different levels.
I: Right ho. Thank you. Can you define energy?
S: ....... um.. can't really think of ..um.. laws such as
energy cannot cannot be created or destroyed or ... things 
like that.
I: OK. Give some important properties of it then.
S: Well, it cannot be created or destroyed ..um.. can't
think of the other two.
I: What units is it measured in?
S: ..um.. in Joules per mole, in kilojoules per mole, as
far as chemistry goes ... it depends, really, on what you're
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measuring ... in chemical reactions it's in Joules per mole, 
otherwise it'll be in, say, kilowatts or something like 
that.
I: How does it depend on the circumstances?
S :
I: Can you give me some other examples of other
circumstances?
S: If you've a mass, at a certain level it's going to have
potential energy that's going to be in Joules per kilogram 
or something like that. I'm not sure, but it's different 
units anyway. It just depends on what the other variables 
are going to be.
I: Right ho. There's a flask of air at 20 degrees. Is
there any energy involved in that - concentrate on the air 
rather than the flask.
S: You've got motion of molecules, the air molecules which
will ... I suppose they'll produce a small amount of heat 
since there's motion (mutter)., Kinetic energy.
I : How do we measure kinetic energy?
S: It's mass times velocity. Something like that.
I: Velocity of what?
S: The velocity of the molecules it would be, for
instance.
I: Are they all moving with the same velocity?
S: No, you've got a distributiuon curve, average
I: Something like that (card)
S: Yes, Boltzmann distribution curve.
I: What's being plotted along those two axes?
S: YOu've got ..um.. velocity along here and number up the
side, quantity or probability or something like that.
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I: So velocity's the horizontal axis.
S: • Yes
I: And 'something like that1 is vertical
S: (Laugh) well, it's probably a number actually, the
number of molecules with that particular velocity, (mutter) 
one range.
I: Yes. right, liquid water going to steam at 100
degrees. Any energy involved in that?
S: The kinetic energy's going to increase, the molecules
are going to move a lot faster in the ..um.. the vapour
phase.
I: Is the energy per mole the same on both sides of that
equation, or is it different?
S: ..um.. Don't know ... no. I'd say it wasn't the same.
I: And which side has more energy?
S: Possibly the liquid water ... it's got, sort of, stored
energy. I can't really explain it ... which is lost a 
little bit when it becomes steam .. 'blimation or ..
I: If you had a saucepan of liquid water at 100 degrees
and you wanted to convert it to steam, would you have to 
supply energy or would you be able to get energy out?
S: .... It's difficult to imagine the situation because if
you had that water at 100 degrees C it would, it would be 
steam anyway ... you'd just have to heat it more so you 
would have to supply energy in order to convert all the 
water to steam.
I: So now you're saying you'd —
S: Yes, sorry, yes, I am, so that means it's probably got
more energy because you need to add energy to this to make 
it, add energy to the liquid.
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Is Why do you have to add energy?
S: To overcome the barrier, because there's an energy
barrier between the, the two phases.
I: What's that energy barrier?
S: In this case it's the the vapour pressure of the air.
I: Benzene and chlorobenzene have rather different boiling
points. Is there an explanation of why in terms of energy?
S: ..... Because of the ... the attractive forces between
the molecules.
Is Tell me about those.
S: Here you've got, this is a non-polar molecule whereas
here you've got chlorine which is slightly polar compared
with the benzene ring so you're going to have ..um.. slight 
attractions between the molecules which is going to require 
more energy to break down and therefore a higher boiling 
point.
I: I see. The last situation is an aromatic nitration
which is very slow at 20 degrees but complete quite quickly 
at 100. Is there an explanation of that in terms of 
energy?
S: ...um.. There's an activation energy required to, to
react ..um.at 100 degrees C there's, the energy is readily 
supplied by the, the heat. I'm not quite sure why, why it 
still would react at 20 slowly.
I: What's activation energy?
S: It's ... it's energy that has to ... that has to be
overcome, possibly. The maximum energy between the
products and reactants ..um.. that isn't very well 
explained.
I: Your finger's drawing a sort of squiggle like that
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(card).
S: Yes, that's what I mean, yes, that'd be the, this side,
the first side is the energy of the reactants and then this 
is the energy of the products on the right hand side.
I: So, again, what are we plotting there?
S: Energy up the side and time, well course of reaction
along the other axis.
I: What is course of reaction?
S: ...um..
I: You said time at the beginning.
S: Well, it is time really ... It's just the (mutter)
change from the reactants into the products. It's 
obviously going to take some time for that.
I: How much time, what time span would that card
represent?
S: Not very long at all, I don't think.
I: How 'not very long'?
S: I really don't know, just the time taken for the bonds
to break and re-form again, once there's enough energy 
there, fraction of a second or something.
I: I see, so it's not the 15 minutes?
S: No because 15 minutes is for all of it to react, it
isn't just one molecule.
I: I see, does that refer to just one molecule?
S: Oh, I don't know ..um.. It doesn't really refer to
anything specific (mutter) molecules or quantity.
I: No that's all right, thank you. You gave me a sort of
instinctive reply first of all which I'd accept.
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APPENDIX D
Letter Requesting a Second Interview
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Guildford Surrey GU2 5 X H  Telephone(0483) 571281 Telex859331
Department of Educational Studies 
(Block AA)
Head of Department: Professor D. E. James
25th February 1985
You may remember that last term you were kind enough to give 
up some time to discuss the topic of energy with me. The 
analysis of our talk, together with similar discussions with 
other students, has provided me with some interesting information. 
It would be a great help, however, if we could meet up again to 
go over one or two points that have arisen as a result of my study 
of our discussion. I am hoping to be able to do this as soon 
as possible so as to avoid the forthcoming examination season.
I iam not available on any Thursday or on'March 1st, 6th, 15th 
or 22nd, but if you could put any other"-time and place on the 
slip below and send it back to me via I will
look forward to meeting you again.
Alan Uincent
To Alan Uincent
I will be able to meet you for an additional brief discussion
on( date)......................... at( time)..........................
in Room.............. ...........
APPENDIX E
Two Transcripts of Second Interviews
Verbatim transcripts of two follow-up interviews aimed 
at clarifying various points raised during the first 
interview. The transcript of the first interview was
available and referred to during the follow-up.
Student number 15 pages 189 - 195
Student number 22. pages 196 - 203 
A transcript of the first interview with student number 
15 is given in Appendix C.
The author's questions etc are indicated by I: (Interviewer)
The Student's responses are indicated by S: (Student)
Other conventions are as described in Section 5.6 on 
page 94.
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Energy, Second Interview 
Student Number 15 
27th March 19 85
I: I've just been trying to go through the various
transcripts and see if there were any points which I could 
ask people to clear up or amplify on.
S : Oh dear, I d o n 11 remember...
I: No, have you had any thoughts about it since we talked
at all? Did it make you think, 'Good Heavens I' ...
S: Well, yes, I realise how little I really know about the
basics of science really but, no, I haven't given it much
thought.
I: No, fair enough. Well, there were one or two points
that I thought we could just try and clear up exactly what 
you meant on these. This first one we were talking about 
the combustion reaction of acetylene.
S: Oh dear, yes, I remember that one.
I: Near the beginning wasn't it, a bit difficult, and you
said that the reaction, the oxygen reaction with acetylene 
was going to produce or absorb energy you're not sure. Can 
you think what you mean by those words?
S: ... Well, I didn't know whether it was going to absorb
energy to break the bonds or whether breaking the bonds 
would give out energy, what would be the overall net effect. 
I: Yes, I think then you decided that breaking of bonds
would take in energy.
S: Yes, well you'd need to break the bonds first, it would
require some sort of energy.
I: What do you mean by 'produce energy'?
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S: ...um... well, give out energy in the form of heat, I
was thinking in this case.
I: Does it produce it?
S: No, it's converting it from something else.
I: I see.
S: It must be, because you wouldn't just produce energy
out of nothing (laugh)
I: OK, so you see ... how are you using the word
'produce'? What were you meaning there?
S: I suppose I meant it was going to produce an obvious
source of energy that wasn't obvious before.
I : I see, what ...
S: Like a flame or something which would be more obvious
than just energy of the molecules or something which you
couldn't see before.
I: I see, yes. So, producing useable energy, would that
be ...
S: Yes, that's what I mean, yes.
I: OK. I think that makes- clears up that one. ..um..
Again, I think we're still on the same one here. You're 
saying that the energy used to break the bond is converted 
into heat and given out as heat. I just wondered what your
picture is of a bond while that's happening.
S: Well, I imagine the bond as ..er.. two atoms being held
together by some sort of force which needs energy in order
to pull them apart. That's what I mean there.
I: And then how do we get the energy being given out?
S: I'm not really sure ... The flame's hot, just contains
heat energy. That's all I can say. It's not the sort of 
thing you think about really. You take it for granted.
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I: Right ho. Certainly that is the accepted view, as you
pull the atoms apart, you need to supply energy to break 
them, to break the bond.
We were talking here about hydrogen atoms, energy levels and 
you were talking about the electron in the lowest orbital of 
hydrogen being excited and raised to a higher state. Later 
on you talk about the lowest level and the second level. 
Can you tell me a bit more about those levels or states? 
How do you see them?
S: They're different orbitals surrounding the hydrogen
atom, all of which have different amounts of energy, and you 
can arrange them in order of energy. Normally the atom, 
well the electron, would be in the lowest level, the most 
stable, but if. enough energy was provided, it would be able 
to move into a higher energy orbital. It depends on how 
much energy is provided and that would be a more unstable 
state.
I : I see. - -
S: So that- the energy it has at that point.
I: You say it will be a more unstable state?
S: Well because it could easily lose energy and go back to
the original state
I: And it would lose energy, how?
S: ..... I don't know, really. I mean, well, it would
move down to the other states, it would lose energy, but 
what would make it move, I don't know.
I: Well, let's assume it just does.
S: Oh yes, when it moves from a higher level to a lower
level, that difference of energy is given out in the form of 
radiation.
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I: Um. . . Can you say anything about why there is one s w i e
and another state and another state and nothing in between? 
S: It's to do with them being quantised. You can have
certain values doing- it depends on the quantum numbers and 
the shape of the orbitals and things like that. I can't 
remember the exact details.
I: No, it's a long time ago, I expect.
S: Yes, only certain levels are allowed. Certain
arrangements.
I: Right, I think that's probably enough on that. Yes,
this one we were talking about the flask of air where there 
was just an ordinary flask of air and we were looking at the 
possibility of energy in the air, and you said: "The motion 
of the molecules, they'll produce a small amount of heat 
since there's motion and kinetic energy".
S: I don't suppose that can be right actually, because if
they were moving they'd get hotter and hotter all the time. 
I: Sorry, if they're moving?
S: If they were ..urn.. producing energy all the time
because they were moving it- everything would be getting 
hotter and hotter so obviously that can't be right.
I: So how do you see- would you like to modify it?
S: .... Well, they've still got kinetic energy, I mean the
molecules are moving in the flask ... I would have thought 
that would produce some sort of heat but, I suppose it would 
be negligible and it would be lost to the surroundings 
through the glass or the wall or whatever otherwise you 
would just get the flask heating up for no reason. That 
can't be, obviously. I should think it would be a very 
negligible amount of heat anyway.
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I : What is heat?
S: .... It's a kind of energy, it's difficult to define it
really without just saying it's hot.
I: OK so the picture you've got is of molecules moving
around and so having some kinetic energy.
S: Yes.
I: And that interacts, somehow, with the surroundings.
S: Yes, i think it must do because the molecules will be
colliding with the sides of the flask as well. I'm sure it
would have some effect.
I: Yes, right ho. I think probably the last one, yes, you
mention there a barrier, an energy barrier, and I think we
were talking there just about boiling water. Yes,
converting water into steam, and you say there's an energy 
barrier between the two phases.
S: Yes.
I: I wondered what your picture is of an energy barrier?
S: Um... I'm not sure there really is an energy barrier in
that sense ..um.. because really you'd just have to have 
enough ..um.. vapour pressure just has to be enough to equal 
that of the atmosphere so that the molecules can escape from 
the surface of the liquid into the surrounding atmosphere.
I: Yes, I see.
S: It's not so much a barrier as, for example, an
activation energy.
I: I've got an activation energy diagram here, I think.
Have you seen those sort of things before?
S: Yes.
I: How do you see that as an energy barrier?
S: It shows the amount of energy that must be absorbed by
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a molecule, a reacting molecule, in order to, in order to 
react, in order to form the transition state which is at the 
top of the diagram.
I: Yes, and how is this energy absorbed?
S: Normally you would heat something to the required
temperature so they have enough energy That's how you'd do 
it normally. Well, I suppose you could irradiate it with 
some sort of radiation, I suppose that would have the same 
effect.
I: If you heated it, how would you know that the molecule
had that energy?
S: Um... it would react for one thing.
I: Yes, would the molecule itself be different in some
way?
S: .... Not before it actually reacted, no, then the bonds
would break with a certain- the molecules would join
together in some sort of transition state. I don't think
you could actually tell what what a molecule looked like at 
that point very easily.
I: Would the energy be in any particular form?
S: Could be vibrational energy perhaps as you change the
bonds and the actual strength of the bonds. As they break
or as they form, the vibrational energy of those bonds would
be different.
I: Yes, so to that extent the molecule might look a bit
different.
S: You could measure it in that way, yes.
I: So, you said the actual energy barrier is energy to be
supplied to the molecule?
S: Yes.
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I: Right, I think that's all, just those few, thank you
very much.
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Energy, Second Interview 
Student Number 22 
20th May 1985
I: There are one or two points that I wonder if you'd be
able to clarify exactly what you mean. I've marked them on 
this one. The first you said something about chemical 
energy and I asked you what chemical energy was. you said 
it's energy sort of locked when you're breaking or making a 
bond. I wonder if you'd like to amplify on how you see 
chemical energy.
S: Well, it's strongly tied in to the bond. Without that
bond that energy isn't there, remembering the old 'energy 
cannot be created or destroyed' which, I think, has been 
disproved in some really wierd way which I cannot remember. 
It ... i t 's all tied up m  this where the electrons are in 
the ... of the two or possibly more atoms where their 
electrons, especially the outer valency electrons, are 
within that bond ..er.. and what state- ..um.. the 
positioning, whether it's depolarised or not and all the 
different kinds of bonding is really dependant on how much 
the electrons are participating in the bond. You have very 
weak bonds and you have very strong bonds. Some bonds are 
where electrons are being donated or received. Some bonds 
are seen to be ..um.. a sharing of electrons.
I: And is there more energy or less energy in a strong or
weak bond?
S: There's more energy in a stronger bond. It takes more-
it- A weak bond is very easy to make and very easy to break 
because there's very little energy involved. A strong bond
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is very hard to make but once you've made it, as long as it 
is kinetically and thermodynamically stable, it jolly well 
ought to stay there and be very hard to break.
I: I see, yes, fine ..um.. What were we talking about here
on page 4. That's when we were talking about activation
energy, I think where we had an activation energy graph
something like that (diagram) and you say that for a
reaction to proceed the reactants must have a higher energy 
than the products.
S: A higher energy content.
I: Yes, and some reactions can't happen because the
activation energy is so high, it's impossible to pump in
enough energy to the system. I was just wondering what you 
mean by that: "pumping energy into the system".
S: It means that you would have to make the conditions so
extreme as to be ..um.. physically impossible or practically 
impossible to ..um.. do.
I: Extreme in what way? _ „
S: Usually high temperature, high pressure ..er.. what
things are excluded and what things are present, the 
concentrations of the substances present. It's mainly 
temperature and pressure.
I: You're speaking there as if energy's something you move
along with a pump: "pumping in enough energy".
S: Sorry, that's my bad phraseology ... it ... heat ...
you're providing heat energy or you're changing the 
conditions so that the energy which is available, which goes 
into getting over the E A is greater ..um.. overall the 
energy change is the same no matter how much energy you pump 
in with.
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I: That difference from start to finish?
S: Yes, it is always the same.
I: And so by "pumping in energy" you meant something like
raising the temperature?
S: Yes.
I: I see, fine ..um. Yes, here you're talking about,
"containing more energy" as if energy is something which is,
again, poured in or pumped around. I don't know if you can
amplify a bit on what you meant there. I think this was the 
blocks of iron at different temperatures.
S: Well, well in that pretty little graph of the average
reaction thing you- this axis, the y-axis is energy content, 
well in the same way as you use the energy content in that 
graph, I'm using the, "contains more energy".
I: So it's not a tangible substance poured in?
S: No, be nice if it was sometimes (laugh).
I: It would help matters wouldn't it I
S: Energy's a very elusive thing!
I: Yes, right ho. Sometimes it's difficult to tie down,
i s n 't it?
S: You have to be very careful that you get your
phraseology right otherwise its very ambiguous and open to 
all sorts of interpretations.
I: Yes. ..um.. Here, I think, we were talking about a
nuclear reaction, making new species that will undergo 
further fission and you talk about, "more energy being 
produced". Can you amplify a little bit on what you mean by 
that?
S: I think I was going back to the old ..um.. "Energy
cannot be created of destroyed". You can't, sort of,
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produce a bit of energy just here or there because you want 
it. I think that...
I: But there you are saying that energy is being produced,
and "produced" to me means that at the end of it you've got
something that you didn't have before.
S: No. It is being ... I think liberated might be a
better word. It is in a slightly different form and is now 
useable whereas it used to be in another form that was not 
useable.
I: How can you have useable and not useable energy? Can
you give me another example of that?
S: Well, generally heat energy is a waste and it is not
useable for what we happen to be doing at the moment 
although at other points it is useable. It's like the- it's 
like weeds; to some people they're weeds and to other people 
they're useable and they're not weeds.
I: I see.
S: So whether energy is .a weed ,o,r not depends on which
form i t 's in.
I: You say there's some heat energy which is useable and
some that's not. What is it that characterises useable heat
energy?
S: The amount of it, and also where it is, what sort of
system, what setup have you got.
I: Can you give us an example of a useable and a not, not
useable...
S: Well the heat coming off a light bulb is not useable
but the heat coming from a fire is useable. Generalisation, 
sometimes the heat coming from a light bulb is very useful 
but.
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I: Simply because we want the heat from the fire?
S: Yes.
I: And we don't want the heat from the light bulb?
S: And also generally the heat from the light bulb is not
enough to have any- for most uses it is not significant.
I: No, I see. Right ..um.. here on Page 9 I think we're
talking about moving electrons around in an atom and 
creating an atomic spectrum, and you talk about excited
state and unexcited state. I wonder what you meant by the
'state', the different states of the atom.
S: State is where it is, roughly ..um.. It's positioning
and...
I: Where what is?
S: The atom is - Sorry, where the electron is, relative to
the atom.
I: I see.
S: And relative to any other atoms that are important.
And the condition of it, whether it. is excited or not, 
whether it is involved in bonding or not.
I: How does this relate to energy?
S: Well ... it could be said that its state, i.e. its
position, its condition is directly the cau- directly the 
result of the energy. You will- in photosynthesis, you will 
put some energy into an atom as regards- well, you put 
energy in, light energy and it moves an electron from one 
subshell to another subshell or- and the amount of- from
which subshell- the subshell that it ends up in depends on
its old energy i.e. which- the old subshell, and how much 
energy has been put in in the form of light.
I: I see. You've spoken sometimes about heat energy and
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light energy and forms of energy. Can you tell me how these 
are related? The different forms and so on? Is heat- are 
heat and energy the same thing? Are they synonymous?
S: Yes, heat energy equals light energy equals ..um.. you
know, measure energy in kilojoules, well, x kilojoules 
equals x kilojoules of light equals- You can't really
measure.
INTERRUPTION
In the animal kingdom they're all animals but you have
different, you have people and whales and all different
things, different kinds. That's a very bad simile but it is 
all energy, heat energy can be converted to light energy if 
you have the means to do it. Light energy can be converted 
to electrical energy if you have the means to do it.
I: I see, yes.
S: You cannot convert it with 100% efficiency.
I : No
S : But ...
I: I think we may be there ...yes. that's about the lot.
Good. What I've been after about this, just to put you in 
the picture, not really fair to keep you in the dark, I
think, about these things. I've been exploring the idea
that what is said in these talks is not necessarily what is 
meant ..um.. that people are using an analogy like your 
"energy produced", you clearly didn't mean that it was 
produced in the sense of something new that didn't exist 
before.
S: Well, I think people, especially me, are rather sloppy
about words and we go on the theory that people will know 
from its context what you mean, which is not always true.
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I: No, I think that's- this is the point I'm after now
because, you know, younger kids, thirteen of fourteen year 
olds have been talked to about these ideas and they've 
expressed similar sort of statements which I think they 
probably believe at that age. Undergraduates say the same 
sort of things and now I'm wondering if they believe them or 
whether they're using them as an analogy.
S: It's very hard to turn around and forget all- the way
you've always spoken and the way you've always phrased
things, even though you now know they're wrong Even if you 
haven't- you know they're wrong but you haven't consciously 
thought, "well those are wrong, I'd better start phrasing it 
in a new and more scientific way".
I: Yes. That seems to be what I'm finding from these
second talks. Makes it a desperate area to do research in! 
S: I think people have to be very care-. Teachers and the
way science is ..um.. in scientific magazines how science is 
put, phrased, phrase- this must be very carefully chosen. 
That's not to get rid of individuality but phrases must be 
very carefully chosen. It's like a naming system of organic 
compounds. They had to devise a whole system because people 
were never quite sure what the other person was talking 
about.
I: That's right, yes. Yes, you've got to be somehow-
provided both sides know the rules, you're all right.
S: And I think teaching science, even at its most
elementary level, it must be very carefully taught so that 
as a person progresses through the system they can 
accommodate all these new facts and theories about things 
that they've already been taught but taught in such a
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simplified and superficial way.
I: Yes.
S: And use the sa- roughly the same language, use the-
improve the language but not radically change it as which, 
at the moment it has to be done.
I: Yes. No, it's interesting, actually, to compare this
work with work done with younger students and see the change
in understanding which seems to go ahead of the change in 
language, (laugh).
S: Well, really that's to be expected.
I: Yes, I suppose so.
S: We're not English students (in the sense of studying
English as a subject - A.V.) who have all the niceties of 
the English language and grammar which is pretty wierd at 
our fingertips.
I: Yes, well many thanks, once again.
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